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ABSTRACT 
 
Evaluation of Zirconium-Iron-Rhenium Alloys as Surrogates for a Technetium Alloy 
Waste Form. (December 2007) 
Paul Aaron Mews, B.S., Purdue University 
Chair of Advisory Committee: Dr. Sean M. McDeavitt 
 
Stainless steel – zirconium alloys were developed by the US Department of 
Energy Laboratories as metallic waste forms for noble metal fission products.  This 
thesis evaluates iron–zirconium–rhenium alloys to establish a technical basis for using 
metal waste form alloys for technetium-99 immobilization.  Rhenium is used as a 
surrogate for Tc-99 since Tc is not naturally available and Re is metallurgically similar 
to Tc. 
The iron-zirconium system has two eutectic compositions, Fe-15 wt % Zr and Zr-
16 wt% Fe.  Ten test samples were successfully cast in yttrium oxide crucibles at 
1600°C, half near each eutectic composition, with Re amounts varying from 2.5 to 12.5 
weight percent.   
A scanning electron microscope (SEM) with energy dispersive X-ray 
spectroscopy (EDS) capability was employed to determine the phase structure and phase 
composition of each sample.  Iron rich samples were found to form up to three phases, 
with the rhenium content favoring the intermetallic phases: 1) an Fe solid solution phase, 
2) an FeZr2-type intermetallic with 11 wt %  or less Re, and 3) a second intermetallic 
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with about 18 wt % Re.  Zirconium rich samples formed as many as five distinct phases: 
1) a Zr solid solution phase, 2) a Zr3Fe-type intermetallic with as much as 13 wt% Re, 3) 
a rhenium-zirconium intermetallic, 4) another Fe-Zr intermetallic with very little Re, and 
5) a Fe-Re intermetallic.   
Potentiostatic and potentiodynamic electrochemical tests were performed using 
sulfuric acid to evaluate the corrosion resistance of each sample.  These tests found that 
the zirconium rich samples were very corrosion resistant but became increasingly 
susceptible at higher rhenium concentrations.  The iron rich samples were not very 
resistant to corrosion under the test conditions; there was no notable trend in corrosion 
behavior related to the introduction of rhenium. 
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NOMENCLATURE 
 
at% Atom percent 
EDS Energy dispersive X-ray spectroscopy 
Fe Iron 
Re Rhenium 
SEM Scanning electron microscope 
SS Stainless steel 
wt% Weight percent 
Zr Zirconium 
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1. INTRODUCTION: IMMOBILIZATION OF TECHNETIUM AS PART OF A 
CLOSED FUEL CYCLE 
 
 The current nuclear fuel cycle strategy in the United States calls for the storage 
of spent nuclear fuel in a long term geological repository, specifically Yucca Mountain, 
NV.  The capacity of Yucca Mountain is limited and a second repository has not been 
selected.  However, reprocessing technologies are currently under development to 
separate and reuse the energy-rich actinide elements from spent nuclear fuel.  After 
reactor operation the vast majority of the spent fuel is still uranium and a significant 
amount of plutonium has been created that may be reused as fresh fuel in advanced 
nuclear reactors.  On the other hand, about five percent of the spent fuel is comprised of 
fission products that are highly radioactive and some of then are strong neutron 
absorbers. These isotopes must be removed from the actinides and treated as high level 
nuclear waste.  Reprocessing technology uses chemical separation methods to segregate 
the various constituents of spent nuclear fuel; The emerging UREX+ (Uranium 
Extraction “Plus”) family of processes produces solvent solution streams containing 1) 
uranium, 2) technetium, 3) a mixture of cesium and strontium, 4) various forms of 
transuranic isotopes, and 5) the remnant fission products [1]. 
 In the UREX+ flowsheet, technetium is extracted just after the uranium is 
removed from the process stream. Once Tc is segregated, a pathway to immobilization 
____________ 
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 2 
and disposal is needed. Ongoing research projects at Idaho National Laboratory, Los 
Alamos National Laboratory and the University of Nevada, Las Vegas are developing 
conversion pathways to solidify and purify the Tc into a metal state. The goal of this 
present research is to evaluate the efficacy of using Fe-Zr-Tc alloys as metal waste forms 
for the immobilization and disposal of Tc in Yucca Mt. or a similar repository. Since Tc 
is not a naturally occurring element and the supply of Tc metal from the other projects 
noted above is still low, rhenium metal has been used as a surrogate and Fe-Zr-Re alloys 
have been fabricated and tested as described below. 
Most fission products have no current prospects for reuse and most will still 
require long term geological storage [1].  Technetium-99 has a half-life of 2.13x105 
years [2].  A durable waste form must be developed that meets the standards of corrosion 
resistance and phase stability required for such long term disposal. While Tc is not a 
naturally occurring element, it one of the more abundant fission products produced in a 
nuclear reactor.  Due to the scarcity and radioactivity of technetium, rhenium is often 
used as a surrogate as it was in this research.  Rhenium and technetium have nearly 
identical atomic sizes, the same valence states, and both form tetrahedral crystals [3].  It 
is possible under several current reprocessing schemes to separate technetium from the 
spent fuel as a metal [4]. 
While nuclear reprocessing is yet to be implemented, it is supposed that 
technetium waste would require some form of geological disposal due to its long half-
life.  A viable waste form for deep geological disposal must immobilize the waste 
species in a form that will resist corrosion and leaching once any engineered 
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containment barriers have been breached.  The primary concern is preventing the waste 
isotope from entering the ground water.  In previous work, metal alloys were proposed 
as waste forms because of their high thermal conductivity, high waste loading potential, 
and manufacturing simplicity.  A metal waste form designed for geological disposal 
must be corrosion resistant and have strong phase stability [5]. 
The Fe-Zr-Tc alloy in question would be classified as high level waste and the 
radioactiveity levels would be high. For example, if a cubic meter metal ingot of density 
nominally similar to steel was loaded to 10 weight percent (wt%) with technetium-99.  
This ingot would have an approximate total mass of 7000 kg, meaning that the ingot 
would contain 700 kg of technetium.  The activity of such an ingot is given by the 
following:  
 
( ) ( )
( )
1
2
14 3
3
ln 2 1700 1000 4.39 10 11,900Ci/m
1m99
A
g
mol
Ngkg Bq
kg T
α
 
= ⋅ ⋅ = × = 
 
 (1) 
 
Where NA is Avogadro’s number and T1/2 is the half-life of Tc. Such an ingot would 
pose a significant radiation hazard. 
The following sections describe the Fe-Zr-Re alloy development research carried 
out in the Fuel Cycle and Materials Laboratory at Texas A&M University. A high 
temperature melt-casting setup was created to generate small-scale (~5 g) samples of Fe-
Zr-Re alloy. These samples were prepared by melt casting at 1600ºC and then analyzed 
using electron microscopy and electrochemical corrosion tests to evaluate the phase 
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morphology and relative corrosion resistance. The results indicate that Fe-Zr-Re alloys 
are corrosion resistant and stable. The corrosion resistance was exceptional for Zr-rich 
alloys, but it is evident that Fe-rich alloys would be feasible waste forms as well. Further 
development is warranted to continue the development of Fe-Zr-Tc alloys for high level 
waste form applications. 
The objective of this thesis project was to identify the effects of rhenium loading 
in iron-zirconium alloys on corrosion resistance and phase stability.  Both eutectic 
compositions of the iron-zirconium system will be considered.  Corrosion will be tested 
using an electrochemical cell, and phase stability will be analyzed with a scanning 
electron microscope.   
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2. PREVIOUS WORK 
 
Stainless Steel-zirconium (SS-Zr) alloy waste forms were developed for the 
immobilization of noble metal isotopes from spent nuclear fuel.  Initially this work was 
done to consolidate the metallic fission product waste and cladding hulls resulting from 
the pyrometallurgical reprocessing of fuel from EBR-II [6].  Figure 1 shows the phase 
diagram for iron-zirconium, iron being the primary component of steel.   
 
 
Fig. 1. Iron-zirconium binary phase diagram [7]. 
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The iron-zirconium system was selected as the basis for this project during 
previous work conducting at national labs.  The iron-zirconium system has two eutectic 
compositions, one iron with 15 wt% zirconium and the other zirconium with 16 wt% 
iron.  However, the zirconium rich eutectic exists at a line phase boundary.  In order to 
avoid casting this intermetallic phase boundary, alloy samples are prepared slightly more 
zirconium rich than the eutectic composition.  This research sought to determine the 
effects of rhenium concentration on both eutectic alloys of the iron-zirconium system.  
The key properties of interest were phase stability and corrosion resistance.  Steel was 
used instead of iron in hopes that the stabilizing non-ferrous metals in steel would also 
improved the corrosion performance of the waste form. 
After an initial survey of alloy compositions and morphologies, and properties 
[8], SS-Zr  alloy waste forms were developed near the two eutectic compositions.  The 
first type of waste form alloy was nominally centered around the SS-15Zr composition. 
This alloy is cast at 1600oC under an Argon atmosphere and allowed to cool slowly to 
ensure equilibrium. The resulting waste form microstructure contains two primary 
phases, an iron solid solution with a composition similar to some types of stainless steel 
and a Laves intermetallic phase. (A Laves intermetallic is a compound formed between 
two metals with an AB2 stoichiometry, such as ZrFe2.) A representative image of the 2-
phase SS-15Zr eutectic structure is shown in figure 2.  
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Fig. 2. Laves intermetallic structure as seen in metal waste form from Argonne [5] 
 
Variations were observed in the Fe solution phases that were dependent on the 
starting stainless steel alloys used to create the waste form.  When austenitic Type 316 
stainless steel was used, the solid solution phase was primarily austenitic (i.e., face 
centered cubic γ-Fe).  However, if the Zr content was increased above 15 wt % the Laves 
phase would consume enough nickel that would prompt the formation of a second 
ferritic solid solution (i.e., body centered cubic α-Fe). When the starting stainless steel 
alloy was HT-9, a ferritic alloy used for cladding in fast reactors, the solid solution phase 
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would be completely ferritic and the Ni content of the Laves phase would be reduced 
significantly. 
As for the Laves intermetallic, the principal structure resembled the ZrFe2 
compound, but Ni and Cr were incorporated into these phases on the Fe lattice positions 
such that the compound was indicated to be Zr(Fe,Cr,Ni)2+x with Fe, Cr, and Ni 
compositions that varied with the input charge materials. This substitutional behavior 
also enabled the incorporation of multiple fission products elements into this phase [8]. 
It was also observed, using neutron diffraction methods, that the Laves intermetallic had 
two different stable crystal structures (polytypes named C36 and C15) that would form 
dependent on the minor alloy addition components [9]. In addition to the Laves phase, a 
minor intermetallic was occasionally observed having the stoichiometry of the Zr6Fe23 
compound. This phase was not of primary concern in the development of the waste form 
alloy since it only comprised less than 1vol. % of the SS-15Zr alloys. 
The Zr-8SS alloys were also cast at the same conditions.  Zr-8Fe alloys were 
developed as a potential metal waste form for light water reactor spent fuel, since it 
would utilize the spent zirconium cladding.  These alloys exhibited three phases, α-Zr 
(HCP), Zr(Fe,Cr)2, and Zr2(Fe,Ni).  As can be seen in the phase diagram above, these 
results were a departure from the expected results.  This was in large part due to the 
differences in stainless steel from pure iron [6].   
As part of the waste form development study, common noble metal fission 
product (Ru, Pd, Tc, Nb, Ag, Re, Si, Ta, and W) were added to the alloys to evaluate 
their behavior in the alloy structure and to test the capability of the waste forms to 
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immobilize and contain the fission products.  Mixtures of these noble metals were added 
to the SS-15 and Zr8SS alloys at levels up to ~4 wt% and no additional phases were 
observed in either alloy except for minute amounts of silver in the SS-15Zr samples.  
The noble metals dissolved into the existing phases and technetium showed no 
preference towards one phase over another [6]. 
Corrosion tests were conducted on the samples, both those with and without 
noble metal doping.  Immersion corrosion testing in J-13 well water yielded only 
negligible effects after 10,000 hours.  J-13 well water is a standard ground water from 
the Yucca Mt. repository that is commonly used in waste form evaluation tests. It is 
considered the standard for the leaching and corrosion solvent that will affect nuclear 
waste stored in Yucca Mountain.  Electrochemical testing employing the ASTM G59 
method was used next.  Corrosion tests were done at a pH of 2, 4, 7, and 10.  In all cases, 
the addition of noble metals made very little, if any, difference in the results as compared 
to the base SS-Zr alloy.  Overall, the Zr-8SS alloys performed better than the SS-15Zr, 
but corrosion rates (measured by mass loss) of both alloys were below 15 µg per year. 
[6].   
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3. EXPERIMENTAL DESIGN AND PROCEDURE 
 
3.1 EXPERIMENTAL PLAN 
The work done for this master’s thesis was based on previous work done at 
Argonne National Lab.  To limit the variables and simplify the metallurgy, the alloys 
cast were iron-based rather than using stainless steel which has several other 
constituents.  Also, only rhenium, as a technetium surrogate, was introduced into the 
base Zr-Fe alloys rather than a wide array of noble metal fission products.  Again this 
was to concentrate the research on a single factor, rhenium concentration.  The mainstay 
of this research was to study effects of varying the rhenium concentration in both Zr-Fe 
eutectic alloys.  This research sought to ascertain how much rhenium can be loaded into 
the alloys before a separate phase forms and to observe how rhenium concentration 
affects corrosion. 
Sample analysis was done using the JEOL JSM-6400 scanning electron 
microscope (SEM) in the Biological Sciences Building West on the Texas A&M 
campus.  Microscopy allowed for observation of the phase structure in the samples.  
Energy dispersive X-ray spectroscopy (EDS) was implemented to determine the 
composition of the phases. 
The procedure used for the electrochemical tests was a variation on ASTM G59.  
A benchmark for corrosion resistance was the performance of Alloy C22.  Alloy C22 is 
the current material choice for the outer barrier over the waste canisters in Yucca 
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Mountain repository due to its good corrosion resistance [10].  Long term immersion 
tests were not an option due to their long time requirements, often in excess of ten years.   
A Gamry Eurocell electrochemical cell has been purchased and was used for the 
testing of both the test samples and the C22 standards.  First, each sample was mounted 
in epoxy, leaving only one free face.  The free face was polished, and its area was 
measured.  The cell was filled with 1.0N sulfuric acid and held at a constant temperature 
with flowing tap water.  The three electrodes were the working electrode, the graphite 
counter electrode, and the saturated calomel reference electrode.   
Gamry software was used to collect the data as both potentiostatic and 
potentiodynamic tests were performed.  The potentiostatic tests were done in four parts, 
each ten minutes long with a voltage jump at the five minute mark.  The first test will 
jump from -0.6V to -0.1V, the second from -0.1V to 0.4V, the third from 0.4V to 1.0V, 
and the fourth from 1.0V to 1.6V.  Then, the potentiodynamic test, lasting five hours, 
will slowly increase the voltage at a rate of 0.44 V/hr from -0.6V to 1.6V.  Both 
potentiostatic and potentiodynamic tests measure the current through the sample as an 
indication of corrosion rate. 
 
3.2 CASTING OF ALLOY SAMPLES 
 The procedure for casting alloy samples closely resembled those done at 
Argonne.  High purity (>99.9 %) rhenium powder, zirconium turnings, and iron turnings, 
pictures shown in figures 3, 4, and 5, were cast at 1600oC in yttrium oxide crucibles.  
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Fig. 3. Rhenium powder Fig. 4. Iron chunks Fig. 5. Zirconium turnings 
 
The furnace used in these experiments is manufactured by Deltech Inc. (Deltech 
Model DT-31-STBL-E2404) and uses molydisiliside heating elements.  The crucible 
was placed in a controlled atmosphere of argon inside a sealed aluminum oxide tube.  
Aluminum oxide disks were installed as heat shields.  The design is shown in the 
following three figures.  The alumina apparatus design is shown in a sketch shown in 
figure 6.  Actual pictures of the apparatus are shown in figures 7 and 8. 
 Argon flowed into the system through a hollow alumina tube that extended 
through the steel cap and heat shields, releasing the gas into the process vessel below the 
crucible.  The argon left the system through the tee that also served as the port for the 
thermocouple.  Argon gas leaving the system was vented to a nearby hood through a 
needle valve.  During furnace operation, the sealed process vessel was held at ~7 psig by 
the needle valve at the outlet in order to prevent leakage of air into the system. 
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Fig. 6. Furnace insert design 
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Fig. 7. Photograph of insert 
 
 
 
Fig. 8. Photograph of insert inside alumina tube 
 
 
 
 Heating and cooling was controlled by a Eurotherm 2404 programmable 
controller.  Heating rates were kept low, ~90°C/hr, in order to minimize wear on the 
heating elements and in order to reduce the thermal stress on the ceramics.  Cooling rates 
were also controlled and maintained at ~100°C/hr in order to avoid thermal shock or 
quenching of the alloy samples. 
Table 1 shows experimental matrix used for this thesis projects.  The weight 
percentages of the constituents were calculated based upon what was weighed to the 
nearest 0.1 mg and placed into the crucible prior to casting.  The raw weights along with 
other data are included in APPENDIX A.  Essentially, each composition began as either 
the Fe-15Zr alloy or the Zr-12Fe alloy, and then some amount of rhenium was added.  
Samples one and three were mixed to be identical to samples two and four respectively, 
but both failed to cast properly.  Their failures are discussed in the results section. 
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Table 1 
Compositions of alloys cast 
Sample Fe (wt%) Zr (wt%) Re (wt%) 
2 80.50 14.46 5.04 
4 11.51 83.56 4.93 
5 76.37 13.63 10.01 
6 11.72 78.23 10.05 
7 78.19 14.22 7.59 
8 12.20 80.28 7.52 
9 82.63 14.81 2.56 
10 11.87 85.64 2.50 
11 74.01 13.55 12.44 
12 10.82 76.70 12.49 
 
 
3.3 SEM ANALYSIS TECHNIQUE 
Sample analysis was done using the JEOL JSM-6400 scanning electron 
microscope (SEM) in the Biological Sciences Building West on the Texas A&M 
campus.  Microscopy allowed for observation of the phase structure in the samples.  
Energy dispersive X-ray spectroscopy (EDS) was implemented to determine the 
composition of the phases. 
 After each sample was cast, the next step was preparation for SEM analysis.  
Each piece was sectioned, with all cuts accomplished using a low-speed diamond saw.  
The first cut made to the roughly cylindrical samples was axial, splitting the sample into 
two half cylinders.  One half was reserved for later electrochemical testing, and the other 
half was sectioned again, perpendicular to the first cut.  The second piece was sectioned 
such that there was one piece with a flat axial face, and the other piece with a radial face. 
 16 
The radial face and axial face were mounted in the same 1-1/2 in diameter epoxy 
mount.  Once mounted, the sample was wet polished using a Buehler Minimet.  The 
polishing process varied from sample to sample, but the general sequence began with 
large grit paper (either 180 or 240 grit) for about four minutes to remove epoxy and 
rough edges on the metal surface. Polishing continued, with each step having finer grit 
and lasting for a longer time until the final step of the wet polish at 600 grit for about 
eight minutes.  Between each wet polish step, the sample mount was cleaned in water. 
Once the wet polishing was complete, the sample was ultrasonically cleaned in a 
bath of ethanol and then allowed to air dry.  Once dry, polishing continued with diamond 
paste.  Nine micron, six micron, and one micron pastes were used in the Minimet, each 
for ten to thirty minutes, with alcohol cleaning between steps.  Polishing continued until 
scratches could no longer be seen under the 30x lab microscope. 
Once the samples were sufficiently polished, they were mounted into a sample 
holder appropriate for SEM viewing.  It is essential to mount the sample such that there 
is a conductive path from the region of interest to the metal sample holder.  The sample 
holder was essentially a five-sided steel box that the met mount sat inside.  First, double 
sided conductive carbon tape was applied to the edges of the sample holder.  Then, 
copper foil tape was applied to connect the alloy sample to the sample holder and to 
cover much of the epoxy on the surface.  The epoxy must be covered with conductive 
tape to prevent the charging distortions. 
Once the sample was in the SEM, micrographs were recorded of significant 
phase features.  Pictures of both the axial and radial surfaces were taken, along with 
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pictures at the edge and near the center of the sample.  The pictures taken were selected 
to show the interesting and unique features of each sample. 
Each of the various phases were analyzed using the Energy Dispersive 
Spectroscopy (EDS) tools associated with the JEOL SEM instrument.  The EDS analysis 
was conducted using a 20 keV electron beam, because higher electron energies are 
required to enable the observation of heavier elements such as rhenium.  To use EDS, 
the area of interest was magnified until it filled the entire scan area, and then the EDS 
was engaged after adjusting the probe current minimize deadtime. Each of the EDS 
scans lasted at least one minute.  The minimum termination time for the scans was when 
the most populous channel reached 1000 counts. 
 
3.4 ELECTROCHEMICAL TESTING SYSTEM 
The procedure used for the electrochemical tests was a variation on ASTM G59.  
ASTM G59 describes the technique for potentiodynamic and potentiostatic corrosion 
tests in 1.0 normality sulfuric acid.  A benchmark for corrosion resistance was the 
performance of Alloy C22.  Alloy C22 is the current material choice for the outer barrier 
over the waste canisters in Yucca Mt. repository due to its excellent corrosion resistance 
[10].  Long term immersion tests were not an option due to their long time requirements, 
often in excess of ten years. 
 A Gamry Eurocell was purchased for the electrochemical tests conducted for this 
thesis project.  A sketch of the basic electrochemical cell is shown in figure 9.  (Figure 9 
is not representative of the actual appearance of the Eurocell.)  The cell has three active 
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electrodes that extend into the 1.0 normality sulfuric acid solution.  The working 
electrode is the connection to the actual sample being tested.  It sets the potential and 
measures the current through the sample.  The reference electrode is a saturated calomel 
electrode that interacts with the solution across an aqueous potassium chloride filled 
Luggin capillary.  The reference electrode serves to measure the cell potential.  The 
counter electrode, made of high density and high purity graphite, receives the current 
that enters the cell from the working electrode.  The counter electrode protects the 
sensitive reference electrode from damage due to significant electrical current.   
 
 
Fig. 9. Graphic representation of electrochemical cell 
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 The working electrode consists of a steel rod, isolated by a glass tube, with 3-48 
threading at the bottom.  Connecting this electrode to the samples proved to be 
somewhat of a challenge.  For each sample, a 5/32 in shallow hole (slightly smaller than 
the diameter of a 3-48 threaded rod) was drilled into the side opposite the flat face, with 
care taken to avoid penetration of the ingot face.  Then, a small 3-48 threaded rod was 
inserted into the hole by force, using a hammer.  Once the rod was inserted, the whole 
assembly was mounted in epoxy, leaving a small length of the threaded rod free to be 
connected to the connecting nut which united the sample with the working electrode.  
After the epoxy dried, the flat face was wet polished by hand with 240 grit paper to 
remove any epoxy or other material from the alloy.  An illustration of this assembly is 
shown in figure 10. 
 
 
Fig. 10.  Assembly connecting prepared sample to working electrode 
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 Once the prepared sample is attached to the working electrode, it is lowered into 
the cell, careful to not submerge the connector nut or steel rod in the acid as this would 
alter the test results and cause damage.  The entire cell is jacketed in a chamber of 
flowing water.  Cold tap water (85°F in July in Texas) flowed through the jacket, 
keeping the cell at a constant temperature, due to the temperature dependence of 
corrosion rates.  Water temperature was monitored using a thermometer at the outlet. 
 Electrochemical testing was conducted using a potentiostat built into a computer 
system equipped with Gamry analysis and control software, courtesy of Dr. Richard 
Griffin of Texas A&M Mechanical Engineering.  There were four passive electrodes in 
addition to the three active electrodes mentioned previously.  These are the working 
sense and counter sense electrodes that independently measure the potential of the 
working and counter electrodes respectively.  There is also a floating ground and 
absolute ground electrode that serve as grounds for the other electrodes.  The ground 
electrodes were attached to water pipes in the hood. 
 The Gamry software was used to collect the data and control the potentiostat as 
both potentiostatic and potentiodynamic tests were performed.  The potentiostatic tests 
were done in four parts, each ten minutes long with a voltage jump at the five minute 
mark.  The first test jumped from -0.6V to -0.1V, the second from -0.1V to 0.4V, the 
third from 0.4V to 1.0V, and the fourth from 1.0V to 1.6V.  Then, the potentiodynamic 
test, lasting about five hours, slowly increased the voltage at a rate of 0.44 V/hr from -
0.6V to 1.6V, constantly recording the current. 
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 The potentiostatic and potentiodynamic tests were performed on all ten alloy 
samples, and a control was developed.  Three C22 samples were also prepared as a 
benchmark of comparison and tested in a procedure identical to the test alloys.  The 1.0 
N sulfuric acid was replaced after each sample to prevent and possible cross 
contamination. 
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4. RESULTS 
 
4.1 CASTING 
 The Fe-Zr-Re alloy samples were each cast by nearly the same procedure.  The 
alumina process vessel was purged of air and an inert atmosphere was maintained under 
flowing argon.  The temperature was raised to ~1600°C at a rate no greater than 90°C/hr.  
Then, the temperature was held for 45 minutes.  Finally, the temperature was lowered at 
a rate of ~100°C/hr to room temperature, still under flowing argon. 
 The first significant modification of the system occurred after the failure of the 
first sample to cast properly.  It was found that the alloy ingredients must be placed in 
the crucible in a specific order.  The melting point of iron is 1538°C, below the 
maximum furnace temperature, whereas zirconium melts at 1855°C and rhenium at 
3186°C, both beyond the capability of the furnace [11].  For this reason, the iron chunks 
must be placed in the crucible last (i.e. on top).  As the iron melts, it flows downward 
and dissolves the other two metals into the alloy.  The first sample was cast with the 
zirconium on top and did not melt properly, but this issue was easily remedied in later 
castings. 
 Before the second sample was cast, a lid was added to cover the melt crucible to 
decrease radiative heat transfer away from the alloy.  The first lid used was a rectangle 
of molybdenum metal.  This lid interacted with vapors from the crucible, and its use was 
discontinued after the second sample.  The second lid was made of aluminum oxide, and 
it fit over the crucible such that it blocked the radiant heat energy leaving the alloy while 
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at the same time not obstructing argon flow over the molten alloy.  The lid was a short 
alumina crucible that sat over the top of the crucible at a slight offset to allow gas flow.  
The alumina lid was used during the casting of all samples except sample two. 
 During the casting of the third sample, the furnace underwent a cataclysmic 
failure due to over insulation of the heating element connections.  Insulation was placed 
over the aluminum bus bars that connected the heating elements in hopes of better 
insulating the furnace hot zone.  Unfortunately, this worked so well that the aluminum 
melted, drastically changing the electric resistance of the system.  The change in the 
system caused stresses that deformed and eventually shattered all twelve of the heating 
elements.  The sample had only partially melted and was therefore not analyzed.  The 
entire furnace system had to be rebuilt.  Figures 11, 12, and 13 show some of the damage 
caused by over insulation.   
 
 
Fig. 11. Damage from over 
insulation
 
Fig. 12. Melted bus bar Fig. 13. Damaged heating 
elements
 
 
 After the furnace was rebuilt, casting resumed in the same fashion as before.  
Samples four and five were cast without notable incident.  However, samples six and 
seven exhibited the next obstacle in the development of a reliable casting process.  Both 
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of those samples developed a bright yellow layer on the top surface of the ingots.  This 
yellow layer was very thin and, therefore, of little consequence to the subsequent 
metallurgical examinations.  However, this layer was believed to be a nitride formation 
which indicated a leak in the system somewhere.  It was discovered that the thermal 
expansion of the metal ring that held the steel plate tight to the gasket was allowing air to 
enter the system at high temperatures.  This was overcome by placing a layer of ceramic 
cement above the metal ring.  This layer acted as a catch and prevented the ring from 
slipping, thus holding the steel endplate tight against the gasket.  Nitride formation was 
again noticed on the eleventh sample.  In that case, the gasket had degraded and was 
leaking.  Replacing the gasket prevented nitride formation on the twelfth and final 
sample. 
 After casting, the samples were broken out of their crucibles and their final mass 
was recorded, after being weighed to the nearest tenth of a milligram.  While it was 
suspected that there was a slight mass transfer between the alloy and the crucible due to 
the high chemical activity of liquid zirconium, the measured mass change was fairly 
insignificant as shown in table 2. 
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Table 2 
Mass change results from casting 
Sample Type Re Conc. (wt%) Mass Change (mg) % Mass Change 
9 Fe Rich 2.56 +37 +0.76% 
2 Fe Rich 5.04 N/A* N/A* 
7 Fe Rich 7.59 -333 -6.71% 
5 Fe Rich 10.01 +3 +0.06% 
11 Fe Rich 12.44 +1 +0.02% 
10 Zr Rich 2.50 +42 +0.90% 
4 Zr Rich 4.93 -69 -1.53% 
8 Zr Rich 7.52 +12 +0.25% 
6 Zr Rich 10.05 +23 +0.48% 
12 Zr Rich 12.60 +109 +2.30 
*Sample two was mistakenly not weighed prior to sectioning 
 The sixth sample (11.72 Fe – 78.23 Zr – 10.05 Re) was somewhat of anomaly.  
While all the other samples were quite durable, sample six was crumbly and brittle.  It is 
suspected but not confirmed that this is due to a rapid cooling rate, perhaps caused by a 
premature furnace shut down during cooling. 
 
4.2 SEM ANALYSIS 
 All ten samples cast were sectioned, mounted, and polished for SEM analysis.  
Analysis was conducted at the Texas A&M microscopy center using a JEOL JSM-6400.  
This particular microscope had a maximum operating voltage of 20 kV.  Also, this 
microscope unfortunately does not have a backscattered electron detector, making the 
zirconium rich alloys more difficult to photograph. 
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 Microscopy was used first to identify all the phases present in each alloy sample, 
examining both the axial and radial faces at various locations.  Once distinct phases were 
determined, EDS was conducted on each phase at several locations.  An example of the 
raw EDS data is included in APPENDIX L.  Tabulated data from EDS is found for each 
sample in APPENDIX B – APPENDIX K.  EDS loses absolute accuracy in the case of 
low concentrations (<5 wt%), but its relative accuracy remains fairly good.  This is 
specifically an issue with the rhenium concentration which is below 5 wt% in many 
cases. 
 
4.2.1 Iron Rich Alloys 
The iron rich alloys all were mixed such that the iron-zirconium composition was 
85-15, near the Fe-Zr eutectic composition.  Rhenium was added at weight percentages 
ranging from 2.5 wt% to 12.5 wt%.  These samples were readily analyzed in the SEM 
due to the stark contrast between iron and zirconium in secondary electron emission.   
 The lowest rhenium concentration added to an iron rich alloy was 2.56 wt% in 
sample 9, 2.56Re – 14.81Zr – 82.63Fe (all numbers in “as-cast” wt. %).  This alloy 
expectedly varied very little from the iron-zirconium alloy.  Microscopy revealed two 
distinct phases, on both the radial and axial faces, as shown in the figure 14.   
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Fig. 14. Micrograph of 2.56Re–14.81Zr–82.63Fe at 600x, radial surface 
 
 EDS analysis of the dark phase was carried out in five different locations, three 
radial and two axial, and the results indicate that the dark phase was mostly iron with 
only trace amounts of zirconium.  Average EDS results for both phases are shown in 
Table 3.  Rhenium content was about 1 atom percent (at%) in the iron phase on average.  
The lighter phase, also analyzed in three radial and two axial locations, was determined 
to be the intermetallic phase with about 1 at% Re concentration.  The rhenium 
distribution in this sample seems fairly even between the two phases.  Detailed EDS data 
for sample 9 is located in APPENDIX B.  Looking only the atom percentages, the 
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intermetallic phase constituency would be consistent with Fe2Zr with rhenium 
substitutions. 
 
Table 3 
Average phase compositions according to EDS analysis of sample 9 
Fe Phase Averages 
 wt% atom% Notes 
Fe 96.72 98.92%  
Zr 0.22 0.14% Dark Phase 
Re 3.07 0.94%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 53.83 66.25%  
Zr 43.17 32.63% Fe2Zr type 
Re 3.00 1.12% Lighter Phase 
 
 
 Sample two was cast as 5.04Re – 14.46Zr – 80.50Fe.  This sample also only 
formed two phases, again the darker iron phase and the lighter intermetallic phase.  
Figure 15 shows a small pit in the surface of the alloy, highlighting the hexagonal 
structure on the fracture. 
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Fig. 15. Micrograph of 5.04Re – 14.46Zr – 80.50Fe at 850x 
 
 In figure 15 the light grey phase is the intermetallic, and the darker phase is the 
iron rich phase.  As before, EDS was applied to both phases in five locations.  The 
average results of EDS analysis as are shown in Table 4.  The result numerically 
suggests that the intermetallic phase is primarily Fe2Zr with rhenium substituting into 
iron sites, although no tests were performed to qualify this presumption.  The full EDS 
data concerning sample 2 is located in APPENDIX C. 
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Table 4 
Average phase compositions according to EDS analysis of sample 2 
Fe Phase Averages 
 wt% atom% Notes 
Fe 94.28 98.14%  
Zr 0.23 0.15%  
Re 5.50 1.72%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 50.11 63.47% Looks like ZrFe2 
Zr 44.11 34.56% Re displacing Fe? 
Re 5.19 1.97%  
 
 
 Sample 7 was cast as 7.59Re – 14.22Zr - 78.19Fe and again exhibited only two 
phases, again the intermetallic and the iron rich phases.  Figure 16 is a micrograph 
representative of the phase structure.  Both the fine eutectic structure and larger grains 
were present throughout the sample.   
 EDS analysis was used to analyze both phases in seven different locations, both 
on the radial and axial faces.  Average EDS results for both phases are shown in table 5.  
The full EDS data set for sample 7 is located in APPENDIX D.  The lighter phase 
averaged to be 11 Re –45 Zr – 44 Fe by mass, whereas the darker phase averaged to 5 
Re – 95 Fe.  This shows a preference of the rhenium to form in the intermetallic phase.  
The black specks present mostly in the iron phase were examined with EDS as well.  
They displayed no significant difference from the iron phase, suggesting that the black 
specks were only some surface contamination such as residual diamond paste or dust.   
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Fig. 16. Micrograph of 7.59Re – 14.22Zr - 78.19Fe at 150x, radial surface 
 
Table 5 
Average phase compositions according to EDS analysis of sample 7 
Fe Phase Averages 
 wt% atom% Notes 
Fe 94.90 98.32%  
Zr 0.25 0.16% Darker Phase 
Re 4.86 1.52%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 43.50 58.22%  
Zr 45.18 37.20% Lighter Phase 
Re 11.32 4.59%  
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 Sample 5 was cast as an iron rich alloy with 10.01 wt% Re, giving a full 
composition of 10.01Re – 13.63Zr – 76.36Fe.  Sample five was the lowest rhenium 
composition for an iron rich alloy that exhibited the formation of a third, rhenium-rich 
phase.  The three phases are clearly visible in figure 17.   
 
Fig. 17. Micrograph of 10.01Re – 13.63Zr – 76.36Fe at 700x, axial surface 
 
 In figure 17, it can be seen how the third phase formed as a division of the 
intermetallic phase.  This third phase was somewhat uncommon with in the phase 
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structure although very important.  A micrograph more representative of the phase 
structure is shown in figure 18. 
 
Fig. 18. Micrograph of 10.01Re – 13.63Zr – 76.36Fe at 500x, axial surface 
 
 EDS analysis was conducted on all three phases in five different locations each, 
both on the axial and radial faces.  The average results of the EDS for each phase is 
shown in table 6.  Full EDS data for sample 5 is located in APPENDIX E.  Again, the 
rhenium displayed a preference for the intermetallic phases.  When the atomic 
composition is considered, the rhenium rich phase appears to be Fe2Zr based on the 
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numbers with some of the iron sites being occupied by rhenium.  However, no definitive 
data was obtained to determine the intermetallic structure.  The structure of the 
intermetallic phase remains unknown. 
 
Table 6 
Average phase compositions according to EDS analysis of sample 5 
Fe Phase Averages 
 wt% atom% Notes 
Fe 91.96 97.31%  
Zr 0.39 0.25% Darkest Phase 
Re 7.65 2.44%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 44.34 58.88%  
Zr 44.77 36.73% Lightest Phase 
Re 10.89 4.38%  
    
Rhenium Phase Averages 
 wt% atom% Notes 
Fe 41.31 57.79% Maybe Fe2Zr 
Zr 40.15 34.42% Re replacing Fe 
Re 18.54 7.79% Grey Phase 
 
 
 
The highest rhenium concentration cast into an iron rich alloy was 12.44 wt% in 
the case of sample 11, with a composition of 12.44 Re – 13.55 Zr – 74.01 Fe.  Sample 
eleven was too small to be sectioned twice, so only the radial surface was available for 
analysis.  Despite the formation of third phase at a lower rhenium concentration in 
sample five, only two phases were observed in sample 11.  The phase structure of 
sample 11 can be seen in figure 19.   
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Fig. 19. Micrograph of 12.44 Re – 13.55 Zr – 74.01 Fe at 1000x, radial surface 
 
 EDS analysis was preformed on both phases in six different locations each.  Full 
EDS data is shown in APPENDIX F, and the average results are shown in Table 7 
below.  Again, rhenium showed a preference for the intermetallic phase.  The 
composition of the intermetallic phase is not immediately obvious.  There exists the 
problem that both phases have a greater rhenium concentration than the bulk alloy, 
indicating either an error in the analysis or an axial weighting of the rhenium not 
apparent due to the lack of an axial face to examine.   
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Table 7 
Average phase compositions according to EDS analysis of sample 11 
Fe Phase Averages 
 wt% atom% Notes 
Fe 85.15 94.78%  
Zr 0.65 0.44% Darker Phase 
Re 14.21 4.78%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 36.06 51.52%  
Zr 46.22 40.85% Lighter Phase 
Re 17.73 7.63%  
 
 
4.2.2 Zirconium Rich Alloys 
The zirconium rich alloys all were mixed such that the iron-zirconium 
composition was approximately 12 wt % Fe-88 wt % Zr, slightly to the zirconium side 
of the eutectic composition to avoid casting pure intermetallic materials, which tend to 
be brittle.  As in the Fe-15Zr alloys, rhenium was added at weight percentages ranging 
from 2.5 wt% to 12.5 wt%.  These samples were challenging to analyze in the SEM due 
to the unavailability of backscatter detector capability.  With secondary electron 
analysis, there was little contrast between the zirconium phase and the zirconium rich 
intermetallics.   
The lowest concentration of rhenium incorporated into a zirconium rich alloy 
was 2.50 wt% in the case of sample 10.  The composition of sample 10 was 2.50 Re – 
85.64 Zr – 11.87 Fe.  This sample formed two phases, as can be seen in figure 20.  The 
intermetallic phase formed in both large grains and small grains. 
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Fig. 20. Micrograph of 2.50 Re – 85.64 Zr – 11.87 Fe at 1200x, axial surface 
 
 EDS was used to examine the two phases.  The darker phase, mostly zirconium, 
was analyzed in five different locations, two axial and three radial.  The lighter phase, 
examined in three radial and four axial locations, was the intermetallic phase.  Full EDS 
results are located in APPENDIX G, and the average results are shown in table 8 below.  
The rhenium concentration was much higher in the intermetallic phase than the 
zirconium phase.  Numerically, it appears very likely that the intermetallic phase could 
be the Zr3Fe phase predicted by the binary phase diagram, although no further structural 
analysis was done to confirm that structure. 
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Table 8 
Average phase compositions according to EDS analysis of sample 10 
Zr Phase Averages 
 wt% atom% Notes 
Fe 0.95 1.53%  
Zr 98.62 98.26% Darker Phase 
Re 0.43 0.21%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 14.01 21.48%  
Zr 80.89 76.16% Lighter Phase 
Re 5.10 2.37%  
 
 Sample 4 was cast as a zirconium rich alloy with 4.93 wt% rhenium 
concentration.  The full composition of sample 4 was 4.93 Re – 83.56 Zr – 11.51 Fe.  
This sample actually formed three phases when cast, as shown in figure 21.  In addition 
to the expected zirconium and intermetallic phases, a third black impurity phase formed.  
This black phase exhibited charging which indicates that it was at least somewhat 
nonconductive.   
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Fig. 21. Micrograph of 4.93 Re – 83.56 Zr – 11.51 Fe at 750x, radial face 
 
 Figure 22 shows a much higher magnification of the black impurity phase.  This 
third phase, while interesting, was actually quite rare on the sample surface.  EDS 
analysis of the black phase indicated that it was primarily composed of yttrium, on 
average 89 wt% yttrium with 11 wt% zirconium.  The yttrium entered the alloy via 
diffusion from the crucible walls.  Molten zirconium is apparently chemically active 
enough to even degrade yttrium oxide.  This yttrium phase was observed in all 
subsequent zirconium rich samples but not extensively analyzed due to its rarity and 
relative insignificance to the project. 
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Fig. 22. Micrograph of 4.93 Re – 83.56 Zr – 11.51 Fe at 3300x, radial face 
 
 EDS analysis was used on five different locations for both of the two primary 
phases and on three different locations for the impurity phase.  The average results of the 
EDS are shown in table 9.  The full EDS data is shown in APPENDIX H.  Again, EDS 
results showed that the rhenium favored the intermetallic phase.  The intermetallic phase 
results were numerically suggestive of the expected Zr3Fe phase. 
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Table 9 
Average phase compositions according to EDS analysis of sample 4 
Zr Phase Averages 
 wt% atom% Notes 
Fe 1.66 2.69%  
Zr 96.67 96.50% Dark Grey Phase 
Re 1.67 0.82%  
    
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 14.22 22.16%  
Zr 77.18 73.76% Light Grey Phase 
Re 8.60 4.08%  
    
Yttrium Impurity Phase Averages 
 wt% atom% Notes 
Fe 0.16 0.25%  
Zr 11.17 10.92% Yttrium impurity phase 
Re 0.09 0.04% Black, Shiny Phase 
Y 88.59 88.79%     
 
 Sample 8, 7.52 Re – 80.28 Zr – 12.20 Fe, has the next highest rhenium 
concentration of the zirconium rich alloy samples.  This sample was by far the most 
complicated sample so far, with five phases present.  The five phases, although 
somewhat difficult to distinguish, are all displayed in figure 23.   
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Fig. 23. Micrograph of 7.52 Re – 80.28 Zr – 12.20 Fe at 150x, axial surface 
 
 It wasn’t until after the completion of EDS analysis that the presence of all five 
phases was realized.  Table 10 displays the averages of the EDS results for each phase.  
The full EDS data is included in APPENDIX I.  This sample showed a wide level of 
interaction between the three metals.  The brightest phase on the micrograph was the 
rhenium-zirconium phase, and the second brightest was the iron-rhenium phase.  The 
darkest phase was the zirconium phase, with the slightly lighter dark phase being the 
rhenium deficient intermetallic.  Intermetallic 2 was the phase of medium grey contrast 
than almost exclusively surrounds the rhenium rich phases. 
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Table 10 
Average phase compositions according to EDS analysis of sample 8 
Zr Phase Averages 
 wt% atom% 
Fe 0.93 1.53% 
Zr 97.16 97.53% 
Re 1.91 0.94% 
   
Intermetallic Phase 1 Averages 
 wt% atom% 
Fe 7.21 11.26% 
Zr 92.18 88.45% 
Re 0.61 0.29% 
   
Intermetallic Phase 2 Averages 
 wt% atom% 
Fe 9.67 15.64% 
Zr 80.13 79.41% 
Re 10.20 4.95% 
   
Rhenium-Zirconium Phase Averages 
 wt% atom% 
Fe 2.53 5.36% 
Zr 54.76 67.42% 
Re 42.72 27.22% 
   
Iron-Rhenium Phase Averages 
 wt% atom% 
Fe 50.23 76.06% 
Zr 1.08 1.02% 
Re 48.70 22.93% 
 
 
 Sample 6 was cast as 10.05 Re – 78.23 Zr – 11.72 Fe by weight.  Four distinct 
phases were visually identified with SEM analysis.  The phases are marked in figure 24 
(IM and IM2 are the same phase).  Again, sample 6 displayed a very complex structure 
similar to sample 8, but the total number of phases actually decreased with the additional 
rhenium concentration. 
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Fig. 24. Micrograph of 10.05 Re – 78.23 Zr – 11.72 Fe at 650x, axial face 
 
 The average results of the EDS analysis of the four phases present in 10.05 Re – 
78.23 Zr – 11.72 Fe can be found in Table 11.  The full EDS data is in APPENDIX J.  
Here rhenium was found to strongly favor one phase, while being virtually absent in two 
of the phases.  With the exception of the zirconium phase, the stoichiometry of the 
phases is not immediately obvious. 
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Table 11 
Average phase compositions according to EDS analysis of sample 6 
Zr Phase Averages 
 wt% atom% 
Fe 1.50 2.45% 
Zr 96.02 96.33% 
Re 2.48 1.22% 
   
Intermetallic Phase 1 Averages 
 wt% atom% 
Fe 14.46 21.71% 
Zr 84.08 77.64% 
Re 1.45 0.66% 
   
Rhenium Heavy Phase Averages 
 wt% atom% 
Fe 2.53 5.76% 
Zr 40.09 54.78% 
Re 57.37 39.45% 
   
Intermetallic Phase 2 Averages 
 wt% atom% 
Fe 12.35 20.01% 
Zr 73.92 73.32% 
Re 13.74 6.68% 
 
 
 The final sample cast and also the zirconium rich alloy with the highest rhenium 
concentration was sample 12, (12.60 Re – 76.09 Zr – 11.31 Fe).  This sample has unique 
quality of being the only sample in this study where the rhenium was the second most 
abundant component rather than the third.  This sample had an extremely interesting 
phase structure as can be seen in figure 25.  Again four phases, somewhat similar to 
those of sample 6, are apparent in this alloy.  The structure bears little resemblance to the 
traditional eutectic structure.  Notice that the white phase only exists within the two 
intermetallic phases and never has a boundary with the darkest zirconium phase. 
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Fig. 25.  Micrograph of 12.60 Re – 76.09 Zr – 11.31 Fe at 430x, center of axial face 
 
 Table 12 shows the average results of EDS analysis on the five phases.  The full 
EDS data is in APPENDIX K.  Unlike the previous sample, 10.05 Re – 78.23 Zr – 11.72 
Fe, both intermetallic phases of sample 12 contain significant quantities of rhenium.  
However, the rhenium rich phase of sample 12 actually has a lower rhenium 
concentration than the rhenium rich phase found in sample 6.  Numerically, the rhenium 
rich sample in 12.60 Re – 76.09 Zr – 11.31 Fe is suggestive of a Zr2(Fe,Re) type of 
stoichiometry, but no conclusive analysis has been performed to confirm this. 
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Table 12 
Average phase compositions according to EDS analysis of sample 12 
Zr Phase Averages 
 wt% atom% Notes 
Fe 2.25 3.63% Darkest phase 
Zr 94.99 95.01%  
Re 2.75 1.36%  
    
Intermetallic Phase 1 Averages 
 wt% atom% Notes 
Fe 12.30 19.65% Grey Phase 
Zr 76.77 75.11%  
Re 10.93 5.24%  
    
Rhenium Heavy Phase Averages 
 wt% atom% Notes 
Fe 3.45 7.01% White Phase 
Zr 53.40 66.57% Zr2(Re,Fe)   ? 
Re 43.15 26.43%  
    
Intermetallic Phase 2 Averages 
 wt% atom% Notes 
Fe 7.01 12.10% Light Grey Phase 
Zr 73.92 78.03%  
Re 19.07 9.87%  
 
 
4.3 ELECTROCHEMICAL ANALYSIS 
 All ten alloy samples, three C22 standards, and one mild steel sample underwent 
four potentiostatic tests followed by a potentiodynamic sweep while immersed in 1.0 N 
sulfuric acid.  Alloy C-22 is a corrosion resistant alloy developed for use as nuclear 
waste canister material in the proposed Yucca Mt. repository. The mild steel sample was 
included with the Eurocell system and its data are included only as a reference for a non-
corrosion resistant alloy.  Alloy compositions for C-22 and the mild steel are presented 
in Table 13.  The three C22 samples were tested as controls, and the average of the 
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results is used in the data analysis.  Some of the samples were fully tested twice as a 
matter of reproducibility.  In the even that any sample was tested multiple times, the 
average results were used in subsequent analysis. 
 
Table 13 
Constituency of alloy C22 by wt% 
Element C Mn P S Si Cr 
wt% 0.015 max 0.50 max 0.02 max  0.02 max 0.08 max 20.0 -22.5  
              
Element Ni Mo Co Fe W V 
wt% Balance  12.5 - 14.5 2.5 max  2.0 - 6.0  2.5 - 3.5 0.35 max  
 
 
Tables of the electrochemical data can be found in APPENDIX O.  Examples of 
the plots generated by potentiodynamic sweeps are in APPENDIX M.  Examples of the 
plots generated by potentiostatic scans are shown in APPENDIX N. 
The first potentiostatic scan applied to all samples was 300 s at -0.6 V followed 
by another 300 s at -0.1 V.  During this scan, the Gamry potentiostat and associated 
software recorded the current to create current vs. time plot for each sample.  The 
software then integrated these plots to give the total charge transfer.  These charge 
transfers were normalized according to the area of each sample.  The results are shown 
in figure 26.  Charge transfer is significant, because it is a measure of ion formation and, 
therefore, provides a relative measure of the cumulative effects occurring in the test 
materials. 
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Fig. 26. Charge transfer in test and control samples during first potentiostatic scan 
 
 This first set of potentiostatic scans resulted in a negative charge transfer for all 
the Zr-rich samples, the C22 samples, and all the Fe-rich samples.  This means that these 
samples were not corroded, but rather reduced, during this test.  Only the mild steel 
corroded under these conditions.  Although, the strong reduction reaction seen in the iron 
rich samples, especially those with low rhenium concentration, shows the high ionic 
mobility of the iron rich system in stark contrast to the relative nobility of the zirconium 
rich alloys.  From this, it is evident that rhenium concentration decreases reduction rates 
in the iron system, perhaps because the rhenium causes the alloys to be less oxidized to 
begin with. 
 The second potentiostatic scan, performed on each sample immediately 
following its first scan, held the sample at -0.1 V for 300 s and then jumped to 0.4 V and 
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held at that potential for another 300 s.  Again, the charge transfer was recorded and then 
later normalized by transfer area.  The charge transfer results are shown in figure 27. 
 During the second scan, all test and control samples underwent positive charge 
transfer, which is corrosion.  Zirconium rich samples underwent significantly less 
corrosion than the iron samples and even outperformed the C22 standards by exhibiting 
charge transfers 5 to 10 times lower than the standard alloy.  Iron rich samples were 
three orders of magnitude inferior to C22 but still better than mild steel.  Rhenium 
concentration did not yield considerable effects in either the zirconium rich or iron rich 
samples 
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Fig. 27. Charge transfer in test and control samples during second potentiostatic scan 
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 The third potentiostatic scan was performed on each sample immediately 
following the second.  The third scan held the sample at 0.4 V for 300 s followed by a 
jump to 1.0 V, where the potential held for another 300 s.  Again, the charge transfer was 
recorded and then later normalized by transfer area.  The charge transfer results are 
shown in figure 28. 
 Corrosion in the zirconium rich alloys again was significantly less than corrosion 
in the iron rich alloy samples or even in C22.  In this scan, the iron rich alloys performed 
nearly the same as the second scan while the zirconium rich alloys and C22 corroded 
more, but iron rich samples still were not on par with C22. 
 In the iron rich samples, there is still no strong effect on charge transfer from 
rhenium concentration.  However, increasing rhenium concentration actually increased 
the corrosion in zirconium rich samples.  High concentrations of rhenium brought 
corrosion in zirconium rich samples near the levels for C22. 
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Fig. 28. Charge transfer in test and control samples during third potentiostatic scan 
 
 The fourth and final potentiostatic scan took place immediately following the 
third for each sample.  This scan went from 1.0 V to 1.6 V, dwelling for 300 s at each 
potential.  Again, the charge transfer was recorded and then later normalized by transfer 
area.  The charge transfer results are shown in figure 29. 
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Fig. 29. Charge transfer in test and control samples during fourth potentiostatic scan 
 
 At these higher voltages, C22 actually performed similarly to the mild steel.  Iron 
rich alloy samples performed comparably to the C22, and zirconium rich samples again 
corroded less than C22.  Again, rhenium concentration seemed to have little effect on the 
corrosion in the iron rich alloys.  But in the zirconium rich alloys, higher rhenium 
concentrations increased corrosion. 
 Different alloys have different corrosion behaviors as a function of voltage.  
Therefore, to better compare the alloys tested, a graph of total corrosion over the second, 
third, and fourth potentiostatic scans was compiled.  The first potentiostatic scan was 
omitted because it was in the voltage range of reduction.  The total corrosion for the 
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samples is shown in figure 30.  Notice the similarity to figure 29, demonstrating that the 
majority of the corrosion for each sample occurred at the higher voltages. 
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Fig. 30. Total charge transfer during the second, third, and fourth potentiostatic scans 
 
 In the range from -0.1 V to 1.6 V, the zirconium rich alloys corroded very little 
compared to C22 or the iron rich samples.  The iron rich alloys were somewhat inferior 
to C22 but still better than mild steel.  Overall, corrosion in the iron rich alloys 
demonstrated little change due to rhenium concentration.  Zirconium alloys corroded 
more at higher rhenium concentrations. 
 After the fourth potentiostatic scan was complete, the potentiodynamic sweep 
was immediately begun.  This sweep slowly raised the voltage on the sample from  
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-0.6 V to 1.6 V over the course of five hours, constantly recording the current.  This 
current was then integrated over time to yield the total charge transfer.  This charge 
transfer was normalized according to sample surface area to compile figure 31. 
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Fig. 31. Total charge transfer during the potentiodynamic sweep 
 
 The results of the potentiodynamic sweep are very much in line with the results 
from potentiostatic scans.  Zirconium rich alloys corroded very little, outperforming 
even C22.  Iron rich alloys were substandard compared to C22 and often corroded as 
rapidly as mild steel.  The zirconium rich alloys show increasing corrosion with higher 
rhenium content, and the iron rich alloys’ corrosion levels showed no consistent 
response to rhenium concentration. 
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5. DISCUSSION OF EXPERIMENTAL RESULTS 
 
5.1 CASTING RESULTS 
 The casting process implemented in this study successfully yielded ten Fe-Zr-Re 
alloy test samples by melt casting at 1600°C.  This temperature is below the melting 
point of both pure rhenium and zirconium metals, but the solubility of Zr and Re in Fe is 
high enabling complete melting of the charged components.  The method used here was 
sufficient for casting Fe-Zr-Re alloys when the starting components are arranged such 
that the iron is on the top to melt, wet, and dissolve the other two components.  Also, at 
1600ºC, heat transfer by radiation is significant, mandating the use of lid over the 
crucible.  Equilibrium microstructures were sought by implementing slow cooling rates 
and the observed phase structures were clearly similar to the equilibrium structures 
observed in previous work on SS-Zr alloys. 
One interesting observation surfaced during the characterization of the Zr-rich 
alloy samples. The minor yttrium oxide phase in the matrix of Zr-rich alloys (Figs. 20 
and 21), indicate that the molten zirconium alloy was slowly dissolving the yttrium 
oxide crucible during the high temperature hold. Mass transfer between the crucible and 
the alloy sample was suspected due to mass changes and confirmed by the presence of 
the yttrium oxide precipitates. This aggressive wetting and dissolution of the extremely 
stable Y2O3 ceramic into the molten Zr solution is consistent with the crucible casting 
behavior observed during the casting of Zr-8SS alloys at Argonne National Laboratory 
[12] 
 57 
The other notable observation from the casting results in table 2 is that all of the 
samples except No. 7 exhibited very low mass change. The sample masses increased by 
up to 2.3 % with the Zr-rich samples exhibiting consistently higher increases due to the 
dissolution of the crucible noted above. It is suspected, but not confirmed, that sample 
No. 7 and maybe No. 4 may have chipped when it was removed from the crucible, 
accounting for its atypical mass loss of 6.7% and 1.5% of their mass. The bottom line is 
that the mass changes during casting were quite low and that the minor effects from 
chipping and crucible dissolution did not significantly impact the nature of the cast 
alloys. 
 
5.2 PHASE CHARACTERIZATION 
 It is somewhat peculiar that the only iron rich alloy sample to form more than 
two phases was 10.01Re – 13.63Zr – 76.36Fe, despite the higher rhenium concentration 
in 12.44 Re – 13.55 Zr – 74.01 Fe.  The third phase formed in the 10 wt% Re sample 
was a second intermetallic with a rhenium concentration of 18.5 wt% compared with 
10.9 wt% rhenium in the first intermetallic phase.  The 10.9 wt% Re phase is nearly 
identical to the only intermetallic phase found in 7.59Re – 14.22Zr - 78.19Fe.  The 
second intermetallic found in 10.01Re – 13.63Zr – 76.36Fe, containing 18.5 wt% Re, 
was quite similar to the only intermetallic phase found in 12.44 Re – 13.55 Zr – 74.01 
Fe.  This suggests that 10.01Re – 13.63Zr – 76.36Fe fell between the phase stability of 
two different rhenium intermetallic phases. 
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 A similar phenomenon may have also been observed in the zirconium rich alloys.  
The first two samples, containing 2.5 wt% Re and 5.0 wt% Re approximately, only 
formed two phases, neglecting the yttrium impurity specks.  Then, sample 8, 7.52 Re – 
80.28 Zr – 12.20 Fe, formed five distinct phases, four intermetallics and the zirconium 
phase.  The later zirconium rich samples, with 10 wt% Re and 12 wt% Re, formed only 
four phases.  The unique phase found only in 7.52 Re – 80.28 Zr – 12.20 Fe was an iron-
rhenium phase that contained very little zirconium.  This phase was not observed in any 
other sample.   
 Interestingly, sample 8, 7.52 Re – 80.28 Zr – 12.20 Fe, consistently corroded the 
most of all the zirconium rich alloys in corrosion tests as can be seen in figures 29, 30, 
and 31.  It is possible that the unusual iron-rhenium phase may have had some effect on 
the corrosion behavior.  Also, corrosion was consistently less in the zirconium rich 
alloys with only two phases, 2.5 wt% Re and 5 wt% Re, than in the more complex 
alloys.  Although not substantiated, perhaps it is the presence of additional intermetallic 
phases rather than sheer rhenium concentration that caused increased corrosion in the 
zirconium rich alloys bearing more rhenium.   
 In both the iron rich and zirconium rich alloys rhenium displayed a preference for 
the intermetallic phases.  In the iron rich system, perhaps this is because of the presence 
of zirconium in the intermetallic phase which could easily be substituted by rhenium 
atoms due to their equal valance state of 4+.  However, in the zirconium rich system, 
rhenium was rather low in the pure zirconium phase suggesting that other 
thermodynamic mechanisms are at work. 
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5.3 CORROSION RESISTANCE 
 The corrosion tests exemplified the superiority of the zirconium rich alloys even 
against the C22 standards.  This is reasonable considering the nobility of zirconium in 
comparison to iron, the basis of both C22 and the iron rich alloys.  These 
electrochemical tests are a good indicator of relative corrosion resistance, but are in no 
way a definitive measure of the myriad of degrading mechanisms that would affect a 
waste form. For example, the susceptibility of these alloys to localized pitting corrosion 
was not measured, but it is also recognized that the primary performance issue is the 
leachability of the waste components such as Tc. 
 Electrochemical tests in sulfuric acid are useful for relative behavior 
measurements but they are not indicative of repository performance.  Long term tests in 
more natural groundwater solutions such as J13 well water would be valuable.  
However, it is believed that the tests done in this project were sufficient for the sake of 
qualitative comparison. 
 One important observation from these tests was the inferior performance of the 
Fe-rich alloys. The Fe-solid solution phases created in the Fe-15Zr-xRe samples 
contained negligible quantities of Zr and a variable quantity of Re. The corrosion 
behavior f these alloys in the reported tests was very similar to that of mild steel, which 
is effectively an Fe solution with low levels of C, Mn, P, and S additions. In the previous 
metal waste form research at Argonne National Laboratory, the SS-15Zr alloys (Fig. 2) 
were studied, so the use of pure iron in this study was a departure from previous 
practice.  Therefore, the observation of poor corrosion resistance in Fe-Zr alloys does not 
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disqualify an SS-15Zr waste form for Tc immobilization. In fact the phase morphologies 
in such an alloy should be similar to those observed here. However, the addition of 
chromium and other constituents of stainless steel will greatly improve the corrosion 
resistance of such a waste form. 
 Finally, quantitative corrosion resistance parameters, corrosion voltage (ECORR) 
and corrosion current (ICORR), were measured using a software controlled tafel analysis 
and these values are included in APPENDIX O for each potentiodynamic tests.  It was 
observed that the calculated values of ECORR ranged from -0.34 V to -0.38 V for the Fe-
15Zr-xRe alloys and from -0.08 V to -0.40 V for the Zr-12Fe-xRe alloys and there was 
no clear impact on these values from the variation of the Re concentration. The values in 
APPENDIX O for ICORR are scattered around 1 µA for the zirconium rich alloys and 
around 1 mA for the iron rich alloys and there was no clear dependence on rhenium 
concentration.  In general, these measure values do not speak to the relative effects of Re 
loading on corrosion behavior.  
 61 
6. SUMMARY AND CONCLUSIONS 
 
 Five test samples were cast at 1600°C based off the iron rich eutectic 
composition of the iron-zirconium system with rhenium additions ranging from 2.5 wt% 
to 12.5 wt%.  Another five test samples were cast at 1600°C based off the zirconium rich 
eutectic composition of the iron-zirconium system with rhenium additions ranging from 
2.5 wt% to 12.5 wt%.  The primary conclusion of the casting process was the importance 
wetting.  The iron must be placed in the crucible last (i.e. on top) in order to facilitate 
sufficient wetting of the high melting point zirconium and rhenium.  Also, while there 
was some mass transfer between the test alloy and the crucible walls during casting, 
especially in the case of zirconium rich alloys, the total mass transfer was generally 
negligible.   
 SEM analysis revealed the effects of rhenium concentration on the iron-
zirconium eutectic alloys.  Iron rich alloy samples maintained phase stability, forming 
only two phases in all but one case.  The rhenium showed a strong preference in the iron 
rich system for the intermetallic phase, especially at higher concentrations.   
Zirconium rich alloys demonstrated a more complex structure, forming four or 
five phases at rhenium concentrations above 7 wt%.  These additional phases were 
various intermetallics of a complicated ternary system.  Rhenium again showed a 
preference for the intermetallic phases in all samples, but an intermetallic with very little 
rhenium also occurred in 7.52 Re – 80.28 Zr – 12.20 Fe and 10.05 Re – 78.23 Zr – 11.72 
Fe. 
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 The electrochemical data suggests that the zirconium rich alloys would be 
acceptable waste forms, as they outperformed C22 in corrosion tests.  The iron rich 
alloys, while easier to cast and simpler in microstructure than their zirconium rich 
counterparts, were inferior against corrosion compared to both C22 and the zirconium 
rich alloys.  Rhenium concentration had a significant effect on the microstructure of both 
alloy types.  However, only the zirconium rich alloys showed increased corrosion 
susceptibility with increased rhenium concentration. 
Electrochemical testing of the iron rich alloys showed them to be inferior to C22.  
Corrosion resistance could perhaps be improved by the use of stainless steel instead of 
iron, as was done in previous work.  Rhenium concentration was shown to have very 
little effect on the corrosion behavior of the iron rich alloys at concentrations between 
2.5 wt% Re and 12.5 wt% Re. 
The zirconium rich alloys fared much better in corrosion tests.  They even 
outperformed C22.  Rhenium concentration was shown to increase corrosion rates in the 
zirconium rich alloys, but even at 12.5 wt% Re the test alloy continued to outperform 
C22. 
There are many avenues of research that could be explored concerning the metal 
waste form.  First, a return to custom stainless steels rather than pure iron could yield 
much better corrosion resistance in the iron rich alloys.  Electrochemically, tests in J13 
well water or another solution more indicative of repository performance than sulfuric 
acid should be conducted.  Higher rhenium and technetium loadings into the iron-
zirconium alloys would be useful for nuclear waste volume reduction.  Also, study of the 
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iron-rhenium, zirconium-rhenium, iron-technetium, and zirconium-technetium binary 
systems could prove quite useful in understanding phase formation.  Ultimately, all of 
these studies should be conducted using technetium rather than rhenium if true 
applicability is ever to be achieved.  Once technetium is placed into the system, a study 
of irradiation effects on the waste form alloy would be very appropriate. 
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APPENDIX A:  ALLOY SAMPLE CONSTITUENCY 
 
 
 
Table 14 
Alloy sample constituency 
Exp #  Fe  Zr Re Total Final Mass Change % Change 
mass (g) 4.256 0.754 0.250 5.260    
alloy wt% 84.95% 15.05% 4.75%     1* 
true wt% 80.91% 14.33% 4.75%     
mass (g) 4.343 0.780 0.272 5.395 N/A N/A N/A 
alloy wt% 84.77% 15.23% 5.04%     2 
true wt% 80.50% 14.46% 5.04%     
mass (g) 0.402 3.635 0.217 4.254    
alloy wt% 9.96% 90.04% 5.10%     3* 
true wt% 9.45% 85.45% 5.10%     
mass (g) 0.518 3.760 0.222 4.500 4.431 -0.069 -1.53% 
alloy wt% 12.11% 87.89% 4.93%     4 
true wt% 11.51% 83.56% 4.93%     
mass (g) 3.800 0.678 0.498 4.976 4.979 0.003 0.06% 
alloy wt% 84.86% 15.14% 10.01%     5 
true wt% 76.37% 13.63% 10.01%     
mass (g) 0.562 3.751 0.482 4.795 4.818 0.023 0.48% 
alloy wt% 13.03% 86.97% 10.05%     6 
true wt% 11.72% 78.23% 10.05%     
mass (g) 3.883 0.706 0.377 4.966 4.633 -0.333 -6.71% 
alloy wt% 84.62% 15.38% 7.59%     7 
true wt% 78.19% 14.22% 7.59%     
mass (g) 0.571 3.759 0.352 4.682 4.694 0.012 0.25% 
alloy wt% 13.20% 86.80% 7.52%     8 
true wt% 12.20% 80.28% 7.52%     
mass (g) 4.005 0.718 0.124 4.847 4.884 0.037 0.76% 
alloy wt% 84.80% 15.20% 2.56%     9 
true wt% 82.63% 14.81% 2.56%     
mass (g) 0.556 4.012 0.117 4.685 4.727 0.042 0.90% 
alloy wt% 12.17% 87.83% 2.50%     10 
true wt% 11.87% 85.64% 2.50%     
mass (g) 3.021 0.553 0.508 4.082 4.083 0.001 0.02% 
alloy wt% 84.53% 15.47% 12.44%     11 
true wt% 74.01% 13.55% 12.44%     
mass (g) 0.535 3.599 0.596 4.730 4.839 0.109 2.30% 
alloy wt% 12.94% 87.06% 12.60%     12 
true wt% 11.31% 76.09% 12.60%     
NOTE:   Alloy weight is the weight of each component divided by the sum of the Zr and Fe masses, 
useful as a reference to the Fe-Zr system. 
* Samples one and three failed to cast 
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APPENDIX B:  ADDITIONAL DATA FOR 2.56 RE – 14.81 ZR – 82.63 FE 
 
Table 15 
Iron phase data for sample 9 (2.56 Re – 14.81 Zr – 82.63 Fe) 
Fe Phase Averages 
 wt% atom% Notes 
Fe 96.72 98.92%  
Zr 0.22 0.14%  
Re 3.07 0.94%  
       
Fe Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 97.69 1.749 99.24%  7/14/2007 17:59 
Zr 91.22 0.19 0.002 0.12%  Radial 
Re 186.21 2.12 0.011 0.65%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 96.86 1.734 98.83%  7/14/2007 17:12 
Zr 91.22 0.65 0.007 0.41%  Large Grain 
Re 186.21 2.49 0.013 0.76%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 96.52 1.728 98.85%  7/14/2007 17:31 
Zr 91.22 0.25 0.003 0.16%  Large Grain 
Re 186.21 3.23 0.017 0.99%  Radial 600x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 95.65 1.713 98.65%  7/14/2007 17:37 
Zr 91.22 0.00 0.000 0.00%  Fine Grain 
Re 186.21 4.35 0.023 1.35%  Radial 600x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 96.10 1.721 98.79%  7/14/2007 17:07 
Zr 91.22 0.02 0.000 0.01%  Fine Grain 
Re 186.21 3.88 0.021 1.20%  Axial 1000x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 97.47 1.745 99.16%  7/14/2007 17:19 
Zr 91.22 0.20 0.002 0.12%  Axial 1200x 
Re 186.21 2.33 0.013 0.71%   
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Table 16 
Intermetallic phase data for sample 9 (2.56 Re – 14.81 Zr – 82.63 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 53.83 66.25% Fe2Zr 
Zr 43.17 32.63%  
Re 3.00 1.12%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 50.73 0.908 64.07%  7/14/2007 17:56 
Zr 91.22 43.78 0.480 33.85%  Radial Center 
Re 186.21 5.48 0.029 2.08%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 51.33 0.919 64.25%  7/14/2007 17:34 
Zr 91.22 44.72 0.490 34.27%  Large Grain 
Re 186.21 3.95 0.021 1.48%  Radial 600x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 52.80 0.945 65.35%  7/14/2007 17:09 
Zr 91.22 44.29 0.486 33.56%  Large Grain 
Re 186.21 2.91 0.016 1.08%  Axial 1000x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 53.44 0.957 66.09%  7/14/2007 17:40 
Zr 91.22 43.08 0.472 32.62%  Fine Grain 
Re 186.21 3.48 0.019 1.29%  Radial 600x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 52.12 0.933 64.39%  7/14/2007 17:04 
Zr 91.22 46.29 0.507 35.01%  Fine Grain 
Re 186.21 1.60 0.009 0.59%  Axial 1000x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 62.57 1.120 73.35%  7/14/2007 17:22 
Zr 91.22 36.84 0.404 26.44%  Axial 1200x 
Re 186.21 0.59 0.003 0.21%   
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APPENDIX C:  ADDITIONAL DATA FOR 5.04 RE – 14.46 ZR – 80.50 FE 
 
 
Table 17 
Iron phase data for sample 2 (5.04 Re – 14.46 Zr – 80.50 Fe) 
Fe Phase Averages 
 wt% atom% Notes 
Fe 94.28 98.14%  
Zr 0.23 0.15%  
Re 5.50 1.72%  
       
Fe Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 93.80 1.679 97.99%  3/23/2007 14:42 
Zr 91.22 0.21 0.002 0.13%  Radial 
Re 186.21 5.99 0.032 1.88%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 96.19 1.722 98.73%  3/19/2007 14:44 
Zr 91.22 0.30 0.003 0.19%   
Re 186.21 3.52 0.019 1.08%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 93.80 1.679 97.99%  3/23/2007 14:42 
Zr 91.22 0.21 0.002 0.13%  Radial 
Re 186.21 5.99 0.032 1.88%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 93.80 1.679 97.99%  3/23/2007 14:42 
Zr 91.22 0.21 0.002 0.13%  Radial 
Re 186.21 5.99 0.032 1.88%   
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 93.80 1.679 97.99%  3/23/2007 14:42 
Zr 91.22 0.21 0.002 0.13%  Radial 
Re 186.21 5.99 0.032 1.88%   
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Table 18 
Intermetallic phase data for sample 2 (5.04 Re – 14.46 Zr – 80.50 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 50.11 63.47% Looks like ZrFe2 
Zr 44.11 34.56% Re displacing Fe? 
Re 5.19 1.97%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 53.81 0.963 67.58%  3/23/2007 14:37 
Zr 91.22 38.31 0.420 29.46%  Radial 
Re 186.21 7.88 0.042 2.97%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 52.28 0.936 65.31%  3/19/2007 14:42 
Zr 91.22 43.07 0.472 32.94%   
Re 186.21 4.65 0.025 1.74%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 57.06 1.022 69.54%  6/26/2007 15:31 
Zr 91.22 38.77 0.425 28.93%  Axial, Mid 
Re 186.21 4.18 0.022 1.53%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 35.75 0.640 48.11%  6/26/2007 15:06 
Zr 91.22 61.76 0.677 50.89%  Axial Low 
Re 186.21 2.49 0.013 1.01%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 51.64 0.925 66.79%  6/26/2007 15:20 
Zr 91.22 38.62 0.423 30.58%  Radial 
Re 186.21 6.77 0.036 2.63%   
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APPENDIX D:  ADDITIONAL DATA FOR 7.59 RE – 14.22 ZR – 78.19 FE 
 
Table 19 
Iron phase data for sample 7 (7.59 Re – 14.22 Zr – 78.19 Fe) 
Fe Phase Averages 
 wt% atom% Notes 
Fe 94.90 98.32%  
Zr 0.25 0.16%  
Re 4.86 1.52%  
 Fe Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 96.68 1.731 98.98%  7/11/2007 22:19 
Zr 91.22 0.00 0.000 0.00%  Axial 
Re 186.21 3.32 0.018 1.02%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 94.72 1.696 98.18%  7/11/2007 23:12 
Zr 91.22 0.54 0.006 0.34%  Radial 
Re 186.21 4.74 0.025 1.47%  Black Speck 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 94.49 1.692 98.15%  7/11/2007 23:15 
Zr 91.22 0.41 0.004 0.26%  Radial 
Re 186.21 5.10 0.027 1.59%  Black Speck 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 91.27 1.634 97.07%  7/11/2007 23:08 
Zr 91.22 0.43 0.005 0.28%  Radial 
Re 186.21 8.30 0.045 2.65%  Black Speck 
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 98.25 1.759 99.42%  7/11/2007 22:12 
Zr 91.22 0.14 0.002 0.09%  On Pic 
Re 186.21 1.61 0.009 0.49%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 94.70 1.696 98.31%  7/11/2007 23:23 
Zr 91.22 0.11 0.001 0.07%  Radial 
Re 186.21 5.19 0.028 1.62%  Grey Bulk 
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 94.16 1.686 98.14%  7/11/2007 23:28 
Zr 91.22 0.09 0.001 0.06%  Axial 
Re 186.21 5.75 0.031 1.80%  Grey Bulk 
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Table 20 
Intermetallic phase data for sample 7 (7.59 Re – 14.22 Zr – 78.19 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 43.50 58.22%  
Zr 45.18 37.20%  
Re 11.32 4.59%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 50.37 0.902 64.32%  7/11/2007 22:16 
Zr 91.22 41.81 0.458 32.69%  Axial, FineGrain 
Re 186.21 7.82 0.042 2.99%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 44.10 0.790 59.60%  7/11/2007 22:09 
Zr 91.22 42.04 0.461 34.78%  Axial, Big Grain 
Re 186.21 13.86 0.074 5.62%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 37.97 0.680 52.86%  7/11/2007 22:04 
Zr 91.22 48.85 0.536 41.64%  Large Grain 
Re 186.21 13.18 0.071 5.50%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 44.10 0.790 58.86%  7/11/2007 23:38 
Zr 91.22 45.02 0.494 36.79%  Radial, Center 
Re 186.21 10.87 0.058 4.35%  Finegrain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 37.21 0.666 51.60%  7/11/2007 23:35 
Zr 91.22 51.44 0.564 43.68%  Radial Center 
Re 186.21 11.34 0.061 4.72%  Large Grain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 48.68 0.872 62.55%  7/11/2007 23:41 
Zr 91.22 44.03 0.483 34.64%  Radial Edge 
Re 186.21 7.28 0.039 2.81%  Fine Grain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 42.08 0.753 57.72%  7/11/2007 23:32 
Zr 91.22 43.05 0.472 36.16%  Radial Edge 
Re 186.21 14.87 0.080 6.12%  Large Grain 
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APPENDIX E:  ADDITIONAL DATA FOR 10.01 RE – 13.63 ZR – 76.36 FE 
 
Table 21 
Iron phase data for sample 5 (10.01 Re – 13.63 Zr – 76.36 Fe) 
Fe Phase Averages 
 wt% atom% Notes 
Fe 91.96 97.31%  
Zr 0.39 0.25%  
Re 7.65 2.44%  
       
Fe Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 88.68 1.588 96.05%  6/26/2007 17:20 
Zr 91.22 0.81 0.009 0.54%  Radial 
Re 186.21 10.51 0.056 3.41%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 93.24 1.669 97.81%  6/26/2007 17:37 
Zr 91.22 0.18 0.002 0.12%  Axial 
Re 186.21 6.58 0.035 2.07%  Finegrain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 92.10 1.649 97.31%  6/26/2007 17:47 
Zr 91.22 0.57 0.006 0.37%  Axial, Center 
Re 186.21 7.32 0.039 2.32%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 94.75 1.697 98.37%  6/26/2007 17:34 
Zr 91.22 0.00 0.000 0.00%  Axial 
Re 186.21 5.25 0.028 1.63%   
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 91.04 1.630 97.01%  6/26/2007 17:24 
Zr 91.22 0.37 0.004 0.24%  Radial, Edge 
Re 186.21 8.59 0.046 2.75%   
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Table 22 
Intermetallic phase data for sample 5 (10.01 Re – 13.63 Zr – 76.36 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 44.34 58.88%  
Zr 44.77 36.73%  
Re 10.89 4.38%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 33.25 0.595 47.18%  6/26/2007 18:20 
Zr 91.22 55.08 0.604 47.85%  Radial 
Re 186.21 11.67 0.063 4.97%  Center 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 45.44 0.814 61.50%  6/26/2007 18:26 
Zr 91.22 38.70 0.424 32.07%  Axial, Fine 
Re 186.21 15.86 0.085 6.44%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 45.72 0.819 60.63%  6/26/2007 17:26 
Zr 91.22 42.93 0.471 34.86%  Radial Edge 
Re 186.21 11.35 0.061 4.51%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 52.92 0.948 66.79%  6/26/2007 17:31 
Zr 91.22 39.04 0.428 30.17%  Axial 
Re 186.21 8.05 0.043 3.05%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 44.38 0.795 58.32%  6/26/2007 17:44 
Zr 91.22 48.12 0.528 38.72%  Axial Center 
Re 186.21 7.50 0.040 2.96%   
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Table 23 
Rhenium-rich phase data for sample 5 (10.01 Re – 13.63 Zr – 76.36 Fe) 
Rhenium Phase Averages 
 wt% atom% Notes 
Fe 41.31 57.79% Maybe Fe2Zr 
Zr 40.15 34.42% Re replacing Fe 
Re 18.54 7.79%  
       
Rhenium Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 39.48 0.707 56.24%  6/26/2007 17:16 
Zr 91.22 40.24 0.441 35.10%  Radial 
Re 186.21 20.28 0.109 8.66%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 41.83 0.749 58.63%  6/26/2007 18:23 
Zr 91.22 38.65 0.424 33.17%  Axial 
Re 186.21 19.52 0.105 8.21%  Large Grain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 41.36 0.741 57.86%  6/26/2007 17:41 
Zr 91.22 40.14 0.440 34.38%  Axial 
Re 186.21 18.50 0.099 7.76%  Fine Grain 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 45.00 0.806 61.46%  6/26/2007 17:50 
Zr 91.22 37.53 0.411 31.38%  Axial 
Re 186.21 17.47 0.094 7.16%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 38.88 0.696 54.76%  6/26/2007 18:16
Zr 91.22 44.17 0.484 38.09%  Radial 
Re 186.21 16.95 0.091 7.16%  Edge 
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APPENDIX F:  ADDITIONAL DATA FOR 12.44 RE – 13.55 ZR – 74.01 FE 
 
Table 24 
Iron phase data for sample 11 (12.44 Re – 13.55 Zr – 74.01 Fe) 
Fe Phase Averages 
 wt% atom% Notes 
Fe 85.15 94.78%  
Zr 0.65 0.44%  
Re 14.21 4.78%  
       
Fe Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 79.75 1.428 92.77%  7/24/2007 19:05 
Zr 91.22 0.45 0.005 0.32%  Edge 1000x 
Re 186.21 19.80 0.106 6.91%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 83.81 1.501 94.28%  7/24/2007 18:43 
Zr 91.22 0.74 0.008 0.51%  900x Center 
Re 186.21 15.45 0.083 5.21%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 83.65 1.498 94.13%  7/24/2007 19:17 
Zr 91.22 0.99 0.011 0.68%  650x 
Re 186.21 15.36 0.082 5.18%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 89.42 1.601 96.18%  7/24/2007 18:51 
Zr 91.22 1.22 0.013 0.80%  350x 
Re 186.21 9.36 0.050 3.02%  Large Grain 
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 90.00 1.611 96.77%  7/24/2007 19:25 
Zr 91.22 0.00 0.000 0.00%  Large Grain 
Re 186.21 10.00 0.054 3.23%   
       
  At. Mass wt% moles atom %  Notes 
Fe 55.85 84.25 1.509 94.53%  7/24/2007 18:54 
Zr 91.22 0.49 0.005 0.34%  Fine Grain 350x 
Re 186.21 15.26 0.082 5.14%   
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Table 25 
Intermetallic phase data for sample 11 (12.44 Re – 13.55 Zr – 74.01 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 36.06 51.52%  
Zr 46.22 40.85%  
Re 17.73 7.63%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 41.30 0.739 57.05%  7/24/2007 19:08 
Zr 91.22 43.17 0.473 36.51%  Edge 1000x 
Re 186.21 15.53 0.083 6.43%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 22.31 0.399 33.85%  7/24/2007 19:23 
Zr 91.22 64.97 0.712 60.36%  Large Grain 
Re 186.21 12.72 0.068 5.79%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 37.51 0.672 54.25%  7/24/2007 18:49 
Zr 91.22 41.27 0.452 36.54%  350x Large Grain 
Re 186.21 21.23 0.114 9.21%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 38.55 0.690 55.27%  7/24/2007 18:41 
Zr 91.22 40.85 0.448 35.86%  900x Center 
Re 186.21 20.61 0.111 8.86%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 34.46 0.617 49.95%  7/24/2007 19:21 
Zr 91.22 47.62 0.522 42.26%  650x 
Re 186.21 17.93 0.096 7.79%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 42.23 0.756 58.76%  7/24/2007 18:57 
Zr 91.22 39.41 0.432 33.58%  350x Fine Grain 
Re 186.21 18.36 0.099 7.66%   
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APPENDIX G:  ADDITIONAL DATA FOR 2.50 RE – 85.64 ZR – 11.87 FE 
 
Table 26 
Zirconium phase data for sample 10 (2.50 Re – 85.64 Zr – 11.87 Fe) 
Zr Phase Averages 
 wt% atom% Notes 
Fe 0.95 1.53%  
Zr 98.62 98.26%  
Re 0.43 0.21%  
       
Zr Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.55 0.046 4.10%  7/15/2007 16:17 
Zr 91.22 97.39 1.068 95.87%  Radial 
Re 186.21 0.06 0.000 0.03%  450x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.17 0.003 0.28%  7/15/2007 16:05 
Zr 91.22 99.79 1.094 99.70%  Radial 900x 
Re 186.21 0.04 0.000 0.02%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.30 0.005 0.49%  7/15/2007 16:26 
Zr 91.22 99.11 1.086 99.22%  230x  Radial 
Re 186.21 0.59 0.003 0.29%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.07 0.001 0.11%  7/15/2007 17:02 
Zr 91.22 99.79 1.094 99.82%  Axial Large 
Re 186.21 0.14 0.001 0.07%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.64 0.029 2.67%  7/15/2007 16:54 
Zr 91.22 97.04 1.064 96.69%  Axial 
Re 186.21 1.32 0.007 0.64%   
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Table 27 
Intermetallic phase data for sample 10 (2.50 Re – 85.64 Zr – 11.87 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 14.01 21.48%  
Zr 80.89 76.16%  
Re 5.10 2.37%  
       
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 14.06 0.252 21.69%  7/15/2007 16:00
Zr 91.22 80.04 0.877 75.58%  Radial 900x 
Re 186.21 5.90 0.032 2.73%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 13.25 0.237 20.94%  7/15/2007 16:14
Zr 91.22 76.86 0.843 74.37%  Radial 450x 
Re 186.21 9.89 0.053 4.69%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 17.70 0.317 26.70%  7/15/2007 16:30
Zr 91.22 76.55 0.839 70.70%  Radial 230x 
Re 186.21 5.75 0.031 2.60%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 9.63 0.172 15.15%  7/15/2007 16:45
Zr 91.22 85.93 0.942 82.76%  Axial Edge 
Re 186.21 4.44 0.024 2.09%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.88 0.213 18.45%  7/15/2007 16:59
Zr 91.22 83.55 0.916 79.43%  Axial Center 
Re 186.21 4.57 0.025 2.13%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 15.30 0.274 22.85%  7/15/2007 16:42
Zr 91.22 84.09 0.922 76.88%  Zr Axial Edge 
Re 186.21 0.61 0.003 0.27%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 16.25 0.291 24.58%  7/15/2007 16:50
Zr 91.22 79.22 0.868 73.37%  Axial 
Re 186.21 4.52 0.024 2.05%   
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APPENDIX H:  ADDITIONAL DATA FOR 4.93 RE – 83.56 ZR – 11.51 FE 
 
Table 28 
Zirconium phase data for sample 4 (4.93 Re – 83.56 Zr – 11.51 Fe) 
Zr Phase Averages 
 wt% atom% Notes 
Fe 1.66 2.69%  
Zr 96.67 96.50%  
Re 1.67 0.82%  
    
Zr Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.99 0.071 6.38%  6/28/2007 18:51 
Zr 91.22 95.23 1.044 93.24%  Radial 
Re 186.21 0.78 0.004 0.37%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.11 0.002 0.19%  6/28/2007 19:12 
Zr 91.22 99.66 1.092 99.70%  Radial 
Re 186.21 0.23 0.001 0.11%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.89 0.052 4.71%  Axial Center 
Zr 91.22 94.07 1.031 93.81%  6/28/2007 19:50 
Re 186.21 3.04 0.016 1.49%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.09 0.020 1.80%  6/28/2007 18:29 
Zr 91.22 95.75 1.050 96.64%  Axial 
Re 186.21 3.16 0.017 1.56%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.21 0.004 0.35%  6/28/2007 19:35 
Zr 91.22 98.65 1.081 99.09%  Radial, SMILE 
Re 186.21 1.13 0.006 0.56%   
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Table 29 
Intermetallic phase data for sample 4 (4.93 Re – 83.56 Zr – 11.51 Fe) 
Intermetallic Phase Averages 
 wt% atom% Notes 
Fe 14.22 22.16%  
Zr 77.18 73.76%  
Re 8.60 4.08%  
    
Intermetallic Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 16.87 0.302 25.27%  6/28/2007 18:44 
Zr 91.22 79.92 0.876 73.29%  Radial 
Re 186.21 3.21 0.017 1.44%  Y Surround 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.96 0.214 18.98%  6/28/2007 19:05 
Zr 91.22 78.84 0.864 76.63%  Radial 
Re 186.21 9.20 0.049 4.38%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 14.41 0.258 22.03%  6/28/2007 19:31 
Zr 91.22 81.15 0.890 75.94%  Radial 
Re 186.21 4.43 0.024 2.03%  SMILE 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 13.51 0.242 21.67%  6/28/2007 19:43 
Zr 91.22 73.28 0.803 71.97%  Axial 
Re 186.21 13.21 0.071 6.36%  High Zoom 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 14.35 0.257 22.86%  6/28/2007 18:23 
Zr 91.22 72.70 0.797 70.94%  Axial 
Re 186.21 12.95 0.070 6.19%   
 
 82 
Table 30 
Impurity phase data for sample 4 (4.93 Re – 83.56 Zr – 11.51 Fe) 
Zirconium Impurity Phase Averages 
 wt% atom% Notes 
Fe 0.16 0.25%  
Zr 11.17 10.92% Yttrium impurity phase 
Re 0.09 0.04%  
Y 88.59 88.79%     
       
Zirconium Impurity Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.13 0.002 0.21%  6/28/2007 18:17 
Zr 91.22 15.46 0.169 15.14%  Axial 
Re 186.21 0.26 0.001 0.12%   
Y 88.91 84.15 0.946 84.53%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.05 0.001 0.08%  6/28/2007 18:47 
Zr 91.22 4.28 0.047 4.17%  Radial 
Re 186.21 0.00 0.000 0.00%   
Y 88.91 95.67 1.076 95.75%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.29 0.005 0.46%  6/28/2007 19:28 
Zr 91.22 13.76 0.151 13.44%  Radial 
Re 186.21 0.00 0.000 0.00%  Smile 
Y 88.91 85.95 0.967 86.10%   
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APPENDIX I:  ADDITIONAL DATA FOR 7.52 RE – 80.28 ZR – 12.20 FE 
 
Table 31 
Zirconium phase data for sample 8 (7.52 Re – 80.28 Zr – 12.20 Fe) 
Zr Phase Averages 
 wt% atom% Notes 
Fe 0.93 1.53%  
Zr 97.16 97.53%  
Re 1.91 0.94%  
       
Zr Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.79 0.014 1.29%  7/13/2007 16:59 
Zr 91.22 97.55 1.069 97.89%  Radial 450x 
Re 186.21 1.66 0.009 0.82%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.44 0.008 0.72%  7/13/2007 18:29 
Zr 91.22 97.72 1.071 98.37%  Axial 150x 
Re 186.21 1.84 0.010 0.91%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.75 0.013 1.23%  7/13/2007 18:51 
Zr 91.22 97.11 1.065 97.71%  Axial 
Re 186.21 2.14 0.011 1.05%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.70 0.030 2.75%  7/13/2007 18:47 
Zr 91.22 98.21 1.077 97.21%  Zr Axial 150x 
Re 186.21 0.09 0.000 0.04%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.31 0.023 2.16%  7/13/2007 18:37 
Zr 91.22 94.97 1.041 96.00%  Axial 
Re 186.21 3.72 0.020 1.84%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.61 0.011 1.00%  7/13/2007 18:02 
Zr 91.22 97.40 1.068 98.02%  Axial 
Re 186.21 1.99 0.011 0.98%   
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Table 32 
Intermetallic phase one data for sample 8 (7.52 Re – 80.28 Zr – 12.20 Fe) 
Intermetallic Phase 1 Averages 
 wt% atom% Notes 
Fe 7.21 11.26%  
Zr 92.18 88.45% Zr23Fe3 ?? 
Re 0.61 0.29%  
       
Intermetallic Phase 1 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 8.49 0.152 13.23%  7/13/2007 17:31 
Zr 91.22 90.42 0.991 86.26%  Radial Edge 
Re 186.21 1.10 0.006 0.51%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 6.29 0.113 9.92%  7/13/2007 18:33 
Zr 91.22 92.91 1.019 89.70%  Lighter Black 
Re 186.21 0.80 0.004 0.38%  Axial 150x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.30 0.131 11.44%  7/13/2007 18:54 
Zr 91.22 91.85 1.007 88.16%  Darker Black 
Re 186.21 0.85 0.005 0.40%  Axial 150x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 5.14 0.092 8.14%  7/13/2007 17:42 
Zr 91.22 94.62 1.037 91.75%  Axial  700x 
Re 186.21 0.24 0.001 0.11%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 10.36 0.185 15.88%  7/13/2007 17:02 
Zr 91.22 89.64 0.983 84.12%  Mottled 
Re 186.21 0.00 0.000 0.00%  Radial 450x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 5.65 0.101 8.94%  7/13/2007 18:40 
Zr 91.22 93.66 1.027 90.73%  Grey 
Re 186.21 0.69 0.004 0.33%  Axial Thin 
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Table 33 
Intermetallic phase two data for sample 8 (7.52 Re – 80.28 Zr – 12.20 Fe) 
Intermetallic Phase 2 Averages 
 wt% atom% Notes 
Fe 9.67 15.64%  
Zr 80.13 79.41% Zr4Fe  ?? 
Re 10.20 4.95% (with Re impurities in Fe) 
       
Intermetallic Phase 2 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 8.56 0.153 13.80%  7/13/2007 18:43 
Zr 91.22 83.37 0.914 82.30%  Axial 
Re 186.21 8.07 0.043 3.90%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 10.27 0.184 16.62%  7/13/2007 17:45 
Zr 91.22 78.77 0.864 78.06%  Axial 700x 
Re 186.21 10.96 0.059 5.32%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.27 0.220 19.77%  7/13/2007 17:58 
Zr 91.22 75.14 0.824 74.14%  Axial 
Re 186.21 12.58 0.068 6.08%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.57 0.136 12.35%  7/13/2007 17:22 
Zr 91.22 83.25 0.913 83.16%  Radial 900x 
Re 186.21 9.18 0.049 4.49%   
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Table 34 
Iron-rhenium phase data for sample 8 (7.52 Re – 80.28 Zr – 12.20 Fe) 
Iron-Rhenium Phase Averages 
 wt% atom% Notes 
Fe 50.23 76.06%  
Zr 1.08 1.02% Fe3Re  ??? 
Re 48.70 22.93%  
       
Iron - Rhenium Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 41.09 0.736 69.53%  7/13/2007 18:25 
Zr 91.22 1.08 0.012 1.12%  Axial 150x 
Re 186.21 57.83 0.311 29.35%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 59.37 1.063 82.58%  7/13/2007 17:27 
Zr 91.22 1.07 0.012 0.91%  White Radial 
Re 186.21 39.56 0.212 16.50%   
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Table 35 
Rhenium-zirconium phase data for sample 8 (7.52 Re – 80.28 Zr – 12.20 Fe) 
Rhenium-Zirconium Phase Averages 
 wt% atom% Notes 
Fe 2.53 5.36%  
Zr 54.76 67.42% Zr2Re 
Re 42.72 27.22% with Fe impurities in Re 
       
Rhenium-Zirconium Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.15 0.038 4.18%  7/13/2007 18:17 
Zr 91.22 63.81 0.700 75.97%  Axial Bright 
Re 186.21 34.04 0.183 19.85%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.68 0.048 5.77%  7/13/2007 18:07 
Zr 91.22 46.62 0.511 61.48%  Axial 
Re 186.21 50.70 0.272 32.75%  Small Chunk 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.14 0.020 2.03%  7/13/2007 17:48 
Zr 91.22 81.63 0.895 88.79%  Axial 700x 
Re 186.21 17.23 0.093 9.18%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.58 0.046 5.65%  7/13/2007 17:51 
Zr 91.22 44.34 0.486 59.47%  Axial 
Re 186.21 53.08 0.285 34.88%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 4.08 0.073 9.16%  7/13/2007 18:22 
Zr 91.22 37.38 0.410 51.40%  Axial 150x 
Re 186.21 58.54 0.314 39.43%   
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APPENDIX J:  ADDITIONAL DATA FOR 10.05 RE – 78.23 ZR – 11.72 FE 
 
Table 36 
Zirconium phase data for sample 6 (10.05 Re – 78.23 Zr – 11.72 Fe) 
Zr Phase Averages 
 wt% atom% Notes 
Fe 1.50 2.45%  
Zr 96.02 96.33%  
Re 2.48 1.22%  
       
Zr Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.16 0.003 0.26%  7/10/2007 19:12 
Zr 91.22 98.21 1.077 98.93%  Radial 
Re 186.21 1.63 0.009 0.81%  Pic2 Black 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.30 0.041 3.76%  7/10/2007 19:29 
Zr 91.22 94.84 1.040 94.84%  Radial 
Re 186.21 2.86 0.015 1.40%  Pic2 Black2 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.88 0.052 4.67%  7/10/2007 20:05 
Zr 91.22 94.85 1.040 94.23%  Radial 
Re 186.21 2.27 0.012 1.11%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.41 0.007 0.69%  7/10/2007 19:54 
Zr 91.22 95.46 1.047 97.26%  Axial 
Re 186.21 4.12 0.022 2.06%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.98 0.035 3.22%  7/10/2007 18:02 
Zr 91.22 96.12 1.054 95.85%  ZrLine  Pic1 
Re 186.21 1.90 0.010 0.93%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.26 0.023 2.07%  7/10/2007 18:22 
Zr 91.22 96.63 1.059 96.89%  Zr Pic 1 
Re 186.21 2.11 0.011 1.04%  Axial 
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Table 37 
Intermetallic phase 1 data for sample 6 (10.05 Re – 78.23 Zr – 11.72 Fe) 
Intermetallic Phase 1 Averages 
 wt% atom% Notes 
Fe 14.46 21.71%  
Zr 84.08 77.64%  
Re 1.45 0.66%  
       
Intermetallic Phase 1 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 14.22 0.255 21.46%  7/10/2007 20:02 
Zr 91.22 84.24 0.924 77.84%  Axial 
Re 186.21 1.54 0.008 0.70%  Edge 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.66 0.227 19.32%  7/10/2007 19:58 
Zr 91.22 85.36 0.936 79.77%  Axial 
Re 186.21 1.98 0.011 0.91%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 19.63 0.351 28.63%  7/10/2007 18:13 
Zr 91.22 79.47 0.871 70.97%  Black Pic1 
Re 186.21 0.90 0.005 0.39%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.35 0.203 17.41%  7/10/2007 19:04 
Zr 91.22 87.26 0.957 81.95%  Radial 
Re 186.21 1.39 0.007 0.64%  IM Pic2 
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Table 38 
Rhenium heavy phase data for sample 6 (10.05 Re – 78.23 Zr – 11.72 Fe) 
Rhenium Heavy Phase Averages 
 wt% atom% Notes 
Fe 2.53 5.76%  
Zr 40.09 54.78%  
Re 57.37 39.45%  
       
Rhenium Heavy Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.02 0.036 4.06%  7/10/2007 18:57 
Zr 91.22 58.85 0.645 72.37%  Pic2 Rhenium 
Re 186.21 39.13 0.210 23.57%  Radial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.28 0.059 7.29%  7/10/2007 17:27 
Zr 91.22 40.42 0.443 55.10%  Rhenium Pic 1 
Re 186.21 56.31 0.302 37.61%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.45 0.044 5.97%  7/10/2007 19:38 
Zr 91.22 30.09 0.330 44.82%  Radial 
Re 186.21 67.45 0.362 49.21%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.30 0.059 7.76%  7/10/2007 19:41 
Zr 91.22 32.59 0.357 46.97%  Radial, Center 
Re 186.21 64.12 0.344 45.27%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.61 0.029 3.73%  7/10/2007 19:47 
Zr 91.22 38.52 0.422 54.66%  Axial 
Re 186.21 59.87 0.322 41.61%   
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Table 39 
Intermetallic phase 2 data for sample 6 (10.05 Re – 78.23 Zr – 11.72 Fe) 
Intermetallic Phase 2 Averages 
 wt% atom% Notes 
Fe 12.35 20.01%  
Zr 73.92 73.32%  
Re 13.74 6.68%  
       
Intermetallic Phase 2 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.27 0.220 20.01%  7/10/2007 17:56 
Zr 91.22 72.73 0.797 72.64%  IM2_Pic1 
Re 186.21 15.00 0.081 7.34%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.05 0.198 17.90%  7/10/2007 17:35 
Zr 91.22 76.82 0.842 76.20%  IM_Pic1 
Re 186.21 12.14 0.065 5.90%  Axial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.40 0.204 18.52%  7/10/2007 19:07 
Zr 91.22 75.42 0.827 75.05%  IM2_Pic2 
Re 186.21 13.18 0.071 6.43%  Radial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.90 0.213 19.07%  7/10/2007 19:17 
Zr 91.22 77.04 0.845 75.61%  IM3_Pic2 
Re 186.21 11.06 0.059 5.32%  Radial 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 15.13 0.271 24.52%  7/10/2007 19:24 
Zr 91.22 67.58 0.741 67.07%  IM4_Pic2 
Re 186.21 17.29 0.093 8.41%  Radial 
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APPENDIX K:  ADDITIONAL DATA FOR 12.60 RE – 76.09 ZR – 11.31 FE 
 
Table 40 
Zirconium phase data for sample 12 (12.60 Re – 76.09 Zr – 11.31 Fe) 
Zr Phase Averages 
 wt% atom% Notes 
Fe 2.25 3.63%  
Zr 94.99 95.01%  
Re 2.75 1.36%  
       
Zr Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.14 0.020 1.87%  7/25/2007 14:37 
Zr 91.22 96.84 1.062 97.14%  1800x 
Re 186.21 2.02 0.011 0.99%  Radial Edge 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 6.15 0.110 9.68%  7/25/2007 15:00 
Zr 91.22 93.53 1.025 90.17%  Axial 
Re 186.21 0.32 0.002 0.15%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 1.28 0.023 2.12%  7/25/2007 14:57 
Zr 91.22 94.85 1.040 95.97%  Axial 
Re 186.21 3.87 0.021 1.92%  300x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.67 0.066 6.02%  7/25/2007 14:11 
Zr 91.22 91.00 0.998 91.36%  Black Radial 
Re 186.21 5.33 0.029 2.62%  Small 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.47 0.008 0.78%  7/25/2007 14:20 
Zr 91.22 96.00 1.052 97.46%  1300x Radial 
Re 186.21 3.53 0.019 1.76%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 0.81 0.015 1.33%  7/25/2007 14:01 
Zr 91.22 97.74 1.071 97.96%  1000x Radial 
Re 186.21 1.45 0.008 0.71%   
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Table 41 
Intermetallic phase 1 data for sample 12 (12.60 Re – 76.09 Zr – 11.31 Fe) 
Intermetallic Phase 1 Averages 
 wt% atom% Notes 
Fe 12.30 19.65% Black Phase 
Zr 76.77 75.11%  
Re 10.93 5.24%  
       
Intermetallic Phase 1 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.22 0.219 19.68%  7/25/2007 14:17 
Zr 91.22 75.41 0.827 74.35%  Radial 1300x 
Re 186.21 12.37 0.066 5.97%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.83 0.230 20.42%  7/25/2007 14:30 
Zr 91.22 76.36 0.837 74.42%  Radial 1800x 
Re 186.21 10.80 0.058 5.16%  White Specks Inside 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 11.29 0.202 18.08%  7/25/2007 13:58 
Zr 91.22 78.60 0.862 77.06%  1000x Radial 
Re 186.21 10.11 0.054 4.86%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 12.85 0.230 20.42%  7/25/2007 14:53 
Zr 91.22 76.69 0.841 74.60%  300x Axial 
Re 186.21 10.45 0.056 4.98%   
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Table 42 
Rhenium heavy phase data for sample 12 (12.60 Re – 76.09 Zr – 11.31 Fe) 
Rhenium Heavy Phase Averages 
 wt% atom% Notes 
Fe 3.45 7.01% White Phase 
Zr 53.40 66.57% Zr2(Re,Fe)   ? 
Re 43.15 26.43%  
       
Rhenium Heavy Phase Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.22 0.040 4.51%  7/25/2007 14:42 
Zr 91.22 56.63 0.621 70.42%  1800x Radial 
Re 186.21 41.15 0.221 25.07%  Inside Grey 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 2.36 0.042 4.81%  7/25/2007 14:50 
Zr 91.22 55.85 0.612 69.65%  300x Axial 
Re 186.21 41.80 0.224 25.54%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 5.34 0.096 10.52%  7/25/2007 14:08 
Zr 91.22 54.54 0.598 65.78%  1000x Radial 
Re 186.21 40.12 0.215 23.70%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.75 0.067 7.95%  7/25/2007 14:22 
Zr 91.22 46.62 0.511 60.50%  1300x Radial 
Re 186.21 49.64 0.267 31.56%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 3.56 0.064 7.24%  7/25/2007 14:34 
Zr 91.22 53.38 0.585 66.49%  1800x Radial 
Re 186.21 43.06 0.231 26.27%  In Black 
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Table 43 
Intermetallic phase 2 data for sample 12 (12.60 Re – 76.09 Zr – 11.31 Fe) 
Intermetallic Phase 2 Averages 
 wt% atom% Notes 
Fe 7.01 12.10% Grey Phase 
Zr 73.92 78.03%  
Re 19.07 9.87%  
       
Intermetallic Phase 2 Data 
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.57 0.136 13.11%  7/25/2007 14:24 
Zr 91.22 71.94 0.789 76.26%  1300x Radial 
Re 186.21 20.48 0.110 10.63%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 5.36 0.096 9.17%  7/25/2007 14:39 
Zr 91.22 79.11 0.867 82.86%  Radial Edge 
Re 186.21 15.53 0.083 7.97%  1800x 
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.21 0.129 12.43%  7/25/2007 14:05 
Zr 91.22 73.46 0.805 77.57%  1000x Radial 
Re 186.21 19.33 0.104 10.00%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.17 0.128 12.42%  7/25/2007 15:08 
Zr 91.22 72.70 0.797 77.12%  Axial 430x 
Re 186.21 20.13 0.108 10.46%   
       
 At. Mass wt% moles atom %  Notes 
Fe 55.85 7.76 0.139 13.37%  7/25/2007 15:11 
Zr 91.22 72.37 0.793 76.36%  Axial 
Re 186.21 19.87 0.107 10.27%   
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APPENDIX L:  EXAMPLES OF RAW DATA FROM EDS 
 
Fig. 32. Screenshot of EDS output for sample 9, Fe-phase, axial surface 
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Fig. 33. Screenshot of EDS output for sample 9, Fe-phase, radial surface, large grain 
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Fig. 34. Screenshot of EDS output for sample 9, Fe-phase, radial surface 
 99 
Fig. 35. Screenshot of EDS output for sample 9, Fe-phase, axial surface, fine grain 
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Fig. 36. Screenshot of EDS output for sample 9, Fe-phase, radial surface, fine grain 
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Fig. 37. Screenshot of EDS output for sample 9, Fe-phase, axial surface, large grain 
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Fig. 38. Screenshot of EDS output for sample 9, intermetallic phase, axial surface 
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Fig. 39. Screenshot of EDS output for sample 9, intermetallic phase, radial surface 
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Fig. 40. Screenshot of EDS output for sample 9, intermetallic phase 
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Fig. 41. Screenshot of EDS output for sample 9, intermetallic phase, axial face 
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Fig. 42. Screenshot of EDS output for sample 9, intermetallic phase, radial face 
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Fig. 43. Screenshot of EDS output for sample 9, intermetallic phase with 2.91 wt% Re 
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APPENDIX M:  EXAMPLES OF POTENTIODYNAMIC TESTS 
 
 
 
 
Fig. 44. Potentiodynamic scan of C22 standard 
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Fig. 45. Potentiodynamic scan of sample eleven 
 110 
Fig. 46. Potentiodynamic scan of sample ten 
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APPENDIX N:  EXAMPLES OF POTENTIOSTATIC TESTS 
 
 
 
 
Fig. 47. Potentiostatic scan of sample four from 1.0 V to 1.6 V 
 112 
Fig. 48. Potentiostatic scan of sample six from -0.1 V to 0.4 V 
 113 
Fig. 49. Potentiostatic scan of sample ten from -0.6 V to -0.1 V 
 114 
Fig. 50. Potentiostatic scan of C22 standard from 0.4 V to 1.0 V 
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APPENDIX O:  SUMMARY OF ELECTROCHEMICAL DATA 
 
Table 44 
Raw data from Gamry software from electrochemical tests 
Coulomb Transfer (Coulombs) 
Sample Re Conc. (wt%) First Second Third Fourth Dynamic 
Area 
(cm2) 
ICORR (A) 
* 
ECORR (V) 
* 
C22_1 0 -85.64 0.1291 1.396 99.22 13.59 0.912 9.43E-06 0.2520 
C22_2 0 -54.03 0.0037 4.161 103.5 23.59 4.527 4.31E-09 -0.2130 
C22_3 0 -11.18 -0.0398 7.858 106.3 23.98 4.489 1.58E-05 0.1120 
          
Sa9 2.56% -70.54 22.54 22.92 94.78 323.7 0.45 9.45E-03 -0.3600 
Sa2 5.04% -66.62 22.27 9.406 4.449 19.59 0.6948 1.29E-03 -0.3880 
Sa7 7.59% -53.62 36.04 32.47 32.64 360.4 0.78 9.05E-04 -0.3450 
Sa5 10.01% -54.42 40.84 40.94 26.85 33.68 0.802 3.12E-05 -0.3620 
Sa11 12.44% -59.6 40.6 44.33 55.53 414.3 0.89 6.62E-03 -0.3420 
          
Sa10 2.50% -0.0098 0.0042 0.0087 0.0185 0.0435 0.414 1.49E-07 -0.3400 
Sa4 4.93% -0.2137 0.013 0.0382 0.0704 0.4657 0.816 4.77E-06 -0.0797 
Sa4_REDO 4.93% -0.1472 0.0052 0.0138 0.0319 0.396 0.816 2.19E-06 -0.1150 
Sa8 7.52% -0.565 0.0095 0.1799 5.761 5.596 0.735 2.51E-06 -0.3000 
Sa6 10.05% -0.0003 0.0005 0.3947 3.335 0.6226 0.466 1.35E-07 -0.4040 
Sa6_REDO 10.05% 7E-05 0.0015 0.0535 0.1985 3.949 0.466 1.25E-05 -0.3100 
Sa12 12.60% -0.363 0.0031 0.4318 2.583 1.591 0.69 4.36E-07 -0.2400 
          
Steel Blank 0 36.02 77.6 79.29 40.29 378 0.6937 1.72E-07 -0.5330 
* ICORR and ECORR were estimated using Gamry tafel analysis of potentiodynamic plots 
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Table 45 
Electrochemical data normalized by surface area 
Coulomb Transfer (Coulombs/cm2) 
Sample Re Conc. (wt%) First Second Third Fourth Dynamic Total (2-4) 
C22_1 0 -93.904 0.142 1.531 108.794 14.901 110.466 
C22_2 0 -11.935 0.001 0.919 22.863 5.211 23.783 
C22_3 0 -2.491 -0.009 1.751 23.680 5.342 25.422 
C22_AVG. 0 -36.110 0.044 1.400 51.779 8.485 53.224 
        
Sa9 2.56% -156.756 50.089 50.933 210.622 719.333 311.644 
Sa2 5.04% -95.884 32.052 13.538 6.403 28.195 51.993 
Sa7 7.59% -68.744 46.205 41.628 41.846 462.051 129.679 
Sa5 10.01% -67.855 50.923 51.047 33.479 41.995 135.449 
Sa11 12.44% -66.966 45.618 49.809 62.393 465.506 157.820 
        
Sa10 2.50% -0.024 0.010 0.021 0.045 0.105 0.076 
Sa4 4.93% -0.262 0.016 0.047 0.086 0.571 0.149 
Sa4_REDO 4.93% -0.180 0.006 0.017 0.039 0.485 0.062 
Sa4_AVG. 4.93% -0.221 0.011 0.032 0.063 0.528 0.106 
Sa8 7.52% -0.769 0.013 0.245 7.838 7.614 8.096 
Sa6 10.05% -0.001 0.001 0.847 7.157 1.336 8.005 
Sa6_REDO 10.05% 0.000 0.003 0.115 0.426 8.474 0.544 
Sa6_AVG. 10.05% 0.000 0.002 0.481 3.791 4.905 4.274 
Sa12 12.60% -0.526 0.005 0.626 3.743 2.306 4.374 
        
Steel Blank 0 51.924 111.864 114.300 58.080 544.904 284.244 
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